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iBSTRACT 

This is one of several study guides on contemporary 
problems produced by the American Association for the Advancement of 
Science with support of the National Science Foundation, the primary 
purpose of this guide is to provide a student with sufficient 
practical and technical information to begin independently practicing 
holography, with' occasional help from a teacher. Included are the- 
following chapters: (1) Introduction; (2) Holographic 
Characteristics; (3) Geometric Models; The Fourier Description; 

<5) Material Requirements; <6) Preliminary Experiments; (7) One-beam 
Holograms; (8J General Multiple Beam Hologram Formation; j(9) Basic 
Erojects; and (10) Bibliography. The Appendices i?i^clude sections on: 
(1)^ Chemical Processing Procedures; (2) Photographic Materials for 
Holography; and (3) The Integration of Motion Pictures into 
Holograms. Drawings and figures are used to help illustrate the 
gq[ide . (RH) ^ 
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Si^ce 1)970' the AiriCricQn Association for the Advancement of Sci- 
ence has conducted the riSF Chautauqua-Type Short Courses for College 
Teachers wrograin with the support^'Of^ the Education Directorate of ttie 
Nati.onal bcience Foundation, jlore than 9,000 coTlecje teachers of under- 
graduate studciits have parti ci'p^' tod in ttio courses \:hich have dealt with 
either broad .interoiscipl inary problcihS of .science or the applications 
of science and mathenati cs to'collcgc teaching. All of the courses'are 
designed to n^ake available the most current information. 

Much work goes into the preparation of l^SF Chautauqua-Type Short 
Courses, yet there ar:e only li[,iitod nuPibers of places in the classes for 
coTlege teaclior* pai^ticipants . In order to^ke scr^e af the instructional 
materials niore widely available, the AAAS introduced the Study Guides 
experir'cnt in 197^-75'. Course Di-rectors prepared test editions of Study 
Guides for review by participants in the classes in 197^-75. These 
seven Study Guides are now being edited for publication, and should be 
available from MAS by late 1975, 

Pub! ic Policy Analysi.s by Elinor Ostroni 

Alternatives in Science Teaching by Joan Creager 

Water Pollution by David K-idd • ^ 

Atmospheric Science by Vincent Schaefer and Volker Mohnen 

Conflict* Regulation by Paul Vlehr 

Mathematical Modeling and Ccnputing .by Jack Cohen and 
William born > r . 

Thinking with Models by Thomas Saaty ^ - . ^ 

The second series of six Study Guides based on^ courses jn the 
1975-76 program will be tested during the. coming academic* year. • After 
testing and "revi-si on, the following titles should be available from AAAS 
in the late fall of 1976: - ' ^ ^ \ 

«, 

Biosocioloq^y by Martin Schein 

Social Impact Asse^ssment byC> P. Wolf 

Holography by Tung H. Jeong 

' Simple and Corolex Societies.: An Anthropological View of 
the Transfor>:.aticn of Iraciiticnal Peoples by Anarei Simic 

Ethical Issues and the Life Sciences by George Kieffer 

O rigins of f>an: Problems .in the Interpretation of New 
rvioenoc by /\lan niniquist 



The Study Guides series is tn keeping v/ith tf^e overall objectives 
of the Ajiierican Association for the Advanceirent of Science: . . to 
further the v/ork-of^scientists > to facilitate cooperation among them, to 
increas/e public underjstanding and apprcci atjtjn of *the importance and promise 
of the methods of science in human progress/' , • ' . 
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PREFACE FROM A/\AS 



TO STUDY GUIDS* REVIEWERS: . ' . « ' ^ 

The test editions of the set of six Study^ Guides were prepared on 
r^lat'ively short notice by the course directors durijig the summer of 
1975. To proVido-QS n.uch inf onuation as possible to the, author^^ for use 
iri revising this study guide for publication,' we ask you as a^partici- 
,pant in the HSF Ohautauqua-Type Shc^t Course to test these materials and 
provide your reacii.oits. Also we. wou^ld apt>recia\e receiving reactions of 
your colleagues and'studcnts if that is possible. \our efforts wilVcqn- 
tribute significantly*:^ the quality of the revised Study Guide. • . 

i'f this Study Guide has been * successfully prepared, upon completing 
it, you will: (i) have an overall compre-hension of the scope of the 
jproblem; (ii) understand the relationships between aspects of the prob- 
Llem and their in:pl ications for human welfare, and (iii) possess a reliable 
guide for studying one or j;jore aspects of the problem in, greater depth. 
We ask you to evaluate th^ stucb' guide on the basis of hpw well each of ' 
these objectives' is achieved. Of less importance but most welcome are 
your specific editorial s-uggestions, including 'punctuation, syntax, 
vocabulary, accuracy of references, effectiveness of illustrations, 
usefulness and organization of tabular materials, and othe^r aspects of 
the draft that are related to its. function. Three copies of an e.valua- 
tion form follow this page and* aadi tional copies^may ba^ reproduced' if 
needed. Each cvaluator should . return a ccmpleted ^form to: IISF Chautauqua- 
Type-Short Course Program, AMS, 1775 Massachusetts Avenue, N.W.,'Wash- \ 
ington,.D.C. 2003^\ Please type or print * legibly . Feel free to include 
any additional coiryneilts you care to make^.' This evaluation is in 2fdd.ition^ 
to any evaluative requests /iiade by the study guide authors; however,, we 
do encourage you to cooperate with all requests frcm authors. Your efforts 
in evaluating this Study Guidd are a worthwhile contribution to the 
provement .of undergraduate education and we express our appreciation to 

you. • . 

* 

' ' We hereby \gratefully acknowledge the services of Joan G. Creamer, 
Consdlting Editor, arrd Orin McCarley, Production Manager for this series.' 



Arthur H. Livermore 
Actina Director of Education 
;i AAAS ^ 



Don I. Phillips 
Project Director 
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After coiiii^lcl Inj'. tlu's ,sL*ii(1y r.uJclc, ten out i-nc voyy of s!icc!t, ccM.ipjc^c 
^i( , foUl, Jiul J..nJ., ' \k) ciivcloj'C i'r* 'jk^C'cIccI . 

•CiVfit' tlic rcsiu ir.c iImI Ix'^^i m.ii.c Ik your (ccWu^i about llui fUudy guJdo^. Alr»o, 
plci'if^c make sjKxific i*iif_;f.c.'. u ions wlu-vc^vtM' poj>:^<bUt. i 

fncl:ory ' fnclofy 

1. ))J<1 you <'icl)icvo .in ov^ rn]]. coii*i)rr:lu nsion of llio scope 

of tlie problc!/(' ^ — 1 2 3 5 

Sui'jv-**^ionr. for juiprovcnu'n'l : . - . • . 

2. Did you aelnc ve <\n undarrarnKlinf, of re] at i o)i::}o' ' 
beL\?ocn r!;p(:cl:> of the j.'voblen and Llicir jr.pl icM j<M'i5; for 

hunan \;olfa)'c:? ' . ' 1 "2" 3 /^ 5 

' Su£f*esLions for iinprovcncnt : 

3. l.s Ihis :\ reliable ^'Aiide for sLudynig one o)' r.ore 

aspecls of Llie* j-^robl oin jn p,rraLe.r dei^lh? 12 3^5 

SuctCGCJons for *inpi ovciienL : ' , * ' 

^V?as the conLunL of liij.s ntudy p.u^de c] early presented? 1 2 3 A 5 
rica5.c coir.ncnL on 5;pec4.fic pa{;cs Und p<*n\t 5;ra])ltS , if, 
appropj iatc. Ib^e'lho back of tin's pa^e ::nd"add It ional 
' ip<\[\c.s if nccc5;.sary. P]casc type or print: cJe'^.r^y. 

5. Did you find the study c^^idc informative? , 1 2 3 A 5 
Please ccin:nent au specifically as possible. r 

6. Arc bherti any topics in this study p.uidc ll^at you thin!: should have been 
.modified? 4 . . any that sliould have been added? . . . depleted? 

7. Rate the study f,uido ai^. a vho^^e^ tl^.e fol]o\;ing situations: 

independent^ study by collef.c teacliers " -'123^5 

independent study by c*ol3ej;G students 1,2 3 A 5 

a basic text for a conventional * cou)'se 1 2 3 A 5 

a sv)pp]enent in a conventional course 1 2 3 A 5 
other: * . < 



1 I 1 would be intcrestedi in receiving inforr.ation about purchasing the follow- 
ing 1974-75 Study Guides (available late 1975): ' 



[~| I would be interested in receiving; infornation about purchasing the follow- 
ing 197'5-;6 Study Guides (availab J e Tate 1976): 
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0, \Mu:L your h.i.cUnrouiul in Lho r.\ibjocL bofore lu.inr. Lhli* study f;uidc? 
( ) none or ]iit](j ( ) coJlc/'.ti qoiirsci; (J Leaching; ihc ijubjccl 
'( ) other: y , 

9, Your prcnont por>lLion is: ( ) ,collf*r>c Lcnclior ( ) co]lcno student v 
( ) ouhcr: ; I 

10. Wuit specific cliap.[',cs ore needed to rialvc this study guide )iorc useful to 
collcf,e students? 



!!♦ Pleo5>e nnLc ony otl)er co:r.!nents you feel vould be hc]pful (re[;a)*dins 
illust rat i rutt^ , tables, accuracy and availability of • references, extent to \.'hich 
objectives were inet). 



ricrrsc fill in your naru:: and inst ilutional addi'css beJow, fold, staple, and mail. » 
Thanl^^you for youi assistance. 



9£00Z *D 'a *non^UTqsr;.i 

aouDToc; 30 h 
quDiiJDDucApv Jcrj uoT -^vT^^ossv ui>::>T.iou2v' 

tuu.\3ojj3 -os.-ynoj :\:io\\s e^dXx-i'nbnr:)ni?ii3 jj]^; 
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CHAPTER 1 • " . 

Introduction 

The basic ideas of holography were originated by Professor Dennis Gabor 
in 1947 and published i^ 1948. With the advent of the laser and an improved 
process by Leith and Upatnieks, it caught the excitement and imagination of 
the scientifip community and has sincfe become an active field of applied re- 

o 

search around the world. 

More recently the introduction of motion and the elimination of stringent 

conditions for illumination have made it possible for artists without 

\ 

scientific background to adopt holography as a ne?w and exciting medium of 
graphic communication. Thus, a new era of collaboration between scientists 
and artists has begun. 

The primary purpose of thi^study guide is to provide a student with 
sufficient practical and technical^Jj^tormation to begin independently 
practicing holography, witja occasional help f rom ^ teacher. 

In a way, this is more of a laboratory manual- than a "study guide'*. ^ 
The chief justification lies in the nature of the subject matter and the 
author's philosophy in* science teaching. The student should " do it " first . 
The understanding and the f ormalism'will come naturally once his interest 

1 

^and curiosity are aroused. » ♦ 

The content has been used *by the author during the last three years 
in his Chautauqya Short Courses around the country, covering all the centers. 
In addition, it has ^Iso been used in a series of Hologram Workshops offered 
by Lake Forest College every June since 1971. Thus the content has been 
tested on a variety of students from thirteen-year old junior high school 
students to physics professors. Within this spectrum, we have had artists. 



entrepreneurs', medical doctors ^j^^ychiatris ts , theatre designers, engineers^ 
mu3eum directors, architects, and unaffiliated itinerants. Hopefully;' with 
the feedback of the initial users of this guide, we can Improve the content, 
the format^ and especially add a section of homework problems to^vit. 

writing this guide, I am compelled to justify the teaching of 

i ' ' 

holography in an Imstitution ofv fdrmal education. First of all, holography 
is not merely a craft - it combines meticulous laboratory techniques with 
extremely elegant . formal theory. Indeed, a single holo^^i^ contH^^s all the 
major theories of physical and geometric* opt ics . With laboratory practice, 
the student^ill learn the importance of attention to pertitient details. and 
the painstaking care required to achieve experimental results. In ^ 
Chapters III and IV he will learn the interplay of deduction and induction 
in scientific pursuit. Finally, we shal], put holography in perspective 
^nd sl^^ that it is a fundamental expositfon oA^^ wave behavior of 
electromagnetic radiatflHf ^ ^ ' , -c * 

Thus, while studying holography,' one can [cap into the study of 
quantum physics ^involving the laser, the ^neral consideration of information 
theory involving the topic of entropy, as wer\ as the symmetry between the 
spatial and the temporal domains of communication theory. Indeed, this is 
an open-ended subject t^iat can 'be pursued at any level. *, 

ritten in the usual format, i.e., beginning 

V 



with introduc^on 2md some theoretical considerations , and ending with ^ 

laboratory exercises and a discussion pf applications, it can be used in 

an almpst randojjpf order. For example, the beginning student can start 

with Chapters VI, VII, and VIII and make holograms during his -first 

laboratory periods. These chapters are self-contained and can be followed 

even without any essential understanding of holography. Outside the 

laboratory, he can read the preceding chapters to understand what he actually 

1 O 
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'"^has accomp'lished^^ * , ' ^ . • 5 ' 

I leel that thXs is a pedogogically sound procedure irx that it .follows 
. th/ natural .learning process of 'all of ua, that is, we^ learn as we'go. 
More specifically, I liave fotind *that by allowing a stpdent to succeed in 
mkking ^a white. light reflection hologram during his ^irst exercise, he is 
encouraged to learu all the basic physics necessary to explain it to his 
p^ers Ss he exhibits it, and this alone requires that he learn a't least tjjiree 
*Nob'el 'Prize-winning ideas in physics. ; . 

In other words, -this procedure allows ^a parallel teaching of theory 
and practice. Since the subject can be pursued at many levels, both 
liberal arts and science students can participate Simultaneously, making the 
subject of holography highly viable as a mini-course in a university 
^curriculum, or as a topic of independent study for a student 

•From the point of view^ot^conomics , the subject of holography offers- 

TOTN^n^ 

holography, including the laser'as well as expendable materials, such as 
chemicals and filmr, can be started for less than $250. The full range of 
this homemade' and commercially produced hard- and software will be discussed 
in Chapter V. ^7- ^ - ^ 

Chapter II descri'bes what holograms are. It enumerates the J 
Qharactexistics that can be physically demonst;j;ated in front of an 
audience wijth a set of standard holograms that can be either purchased 

or made* From past experience, I find that this is the most suitable 

* > *. ' 

*way to begi]Qi a course or even a one-hour lecture on holography. It 
arouses curiosity and motivates the student to' pursue the subject fuirther. 

Chapter ^jjf^descfibes a geometric model which, with minimum 
mathematics, allows the ^general student to attain' an intuitive understanding 
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advantage over many other experimentaC^^t^pics . A complete progr^ 



of holography. A more formal description is pffered in Chapter VI. 
iiere, a- dis'cussion of the interplay, between practice and formal 
ideas is offered, hopefully to review to the student some degree of 
elegance involved in 'scientific pursuit, * 

Chapters VI7 VII, VIII, and IX are' structured! It is advisable to 
follow them in order as presented. Chapter VI can also be used as* 
lecture demonstrations using the Miche-lson interferometer both as a 
historical experiment and a practical tool for checking vibration. 

On the matter of bibliography, I decided to break tradition and 
do it in a novel way. Instead of inundating the student by showering 
him with numerous footnotes and references, most of which he cannot 
understand, I have decided to haye an independent chapter on references 
at' the end of this gui^e. Thus, Chapter X is not merely a list of 
references, but contains a general discussion of various types of 
references and how a student should use them. Included are a Sampling 
of general physics textbooks which should be consulted by a student 
whenever he encounters a technical terminology that he cannot comprehend 
Any single text on the subject of holography will contain hundreds of 
other references.* For this reason bnly a few pertinent original 
articles are included. Each article can induce an avalanche in other 
articles. For practica^fck purposes a list of vendors for both har4" 
and software are listed. Here I must confess my , bias in my choices. 
Essentially, it is impossible to list all competing manufacturers. 
What is listed represents my own personal choice. Since new products 
are being brought to the market periodically, the student is encouraged 
to do some research in this area and make some independent choices. 
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CHAPTER^II, 

Holographic Characteristics 



What is a hologram? 

We shall begin by enumerating general characteristics of most 
holograms, follow by a discussion of specialized types which have their 
"own particular interesting applications. Chapters III and IV will explain 
most of the facts listed here. 

1. The most striking feature of any hologram is the three-dimensional 
image that it forms. An observer looks through a hologram as if it were a 
window. A three-dimensional image of an object can be observed to be on 
either side or even straddling this window. As the viewer moves his head 
up and down and side to side, he can look Ground the object. In fact, what 
is observed is not a psychological effect but can be confirmed by scientific 
instruments, such as cameras or video recorders. This means that the light 
arriving from the hologram into the viewer's eyes is physically the same as 
light emitted from the original object. 

2. If a hologram is broken into small pieces, (or, to be less wasteful, 
if the hologram is covered by a piece of opaque paper with a small hole in it) 
the entire .image can be seen through any small piece. Depending on .^lie^ 
location of the piece vie>7ed, the perspective is changed. This resembles 
precisely the act of looking through a hole in a covered window. Depending 
on the location of that hole,, the outside scene is perceived in its entirety, 
but from a different perspective. 

3. Holograms offer both real and virtual images • An image is said 
to ber real if it can be projected and ^focused onto a screen. Otherwise 
it is calleid a virtual image. In general, the definitions parallel to 
those used for classical optics concerning lens^ and mirrors. 
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4. Holograms formed on thin emulsion exhibit the phenomenon of 
dispersion , that is, when the hologram is viewed with a white spotlight, 
such as from a slide projector, the image is obsBrved as a continuous 
smear from blue to red. If it is illuminated from a point source of low 
pressure mercury light, discrete iinages in different colors can be observed^ 

5, Holograms can be made in shapes other -than flat sheets. For 
example, a cylindrical hologram can be made with a single e^osure, so 
that after processing, the viewer can walk around and observe the image 
from all angles. In general, any shape that can be formed by holographic 



film can be usedj'to record holograms. 'Emulsions can even be coded inside 
bottle^ so that "^e contents can be holographed and later .observed as 
virtual images. 

6. A focused image holpgraiiii is one which can be illuminated by a 
point source of white light with the image appea\:ing in black and white 
and in three dimensions at the film plane. 

7. A "rainbow hologram" can al^o be viewed with a point soured 
of white light. Depending on the angle between the illuminating light 
and the hologram, the image can be observed at any desj.rjd color one 
wishes. If this type of hologram is illuminated with a \ong, filamental 
white liglit, the image appears tblack and #iite. 

8. ' All the previously mentioned holograms are usually called 
■transmission holograms. They are always viewed by having the illumination 

behind, the hologram on the side opposite from the viewer. The light 
transmits through the film to form the image that the viewer sees . 
On the ''other hand, a* reflection hologram is a type in which^he illuminating 
source is^on the same side of the hologram as the viewer. Light is 
reflected off the hologram to form the image 'observed . This type of 
hologram can always be illuminated by a point source of white light and 
the image will appear in color. Using multiple-color lasers, holograms 

IS 



of this t^pe can g'ive multi-color three-dimensional images. 

9. The iiicegram iittjegrates various ' graphical techniques to allow 
the display of three-dimetisional images of live objects in motion as 
well as outdoor scenes.. 'Tlie viewer standing around a transparent 
cylindrical drum sees people, microbes, or computer-generated three- 
dimen^onal images inside, in' continuoys motion. Since it is recorded from 
ordinary motion pict5.ures originally in two dimensions, any images that can 
ordinarily be captured by the motipn picture camera can^be tonverted into 
an integraph. The largest object ever recorded this way is the earth 
with its cloud formation. ,The original data vas gathered from weather 
satelites in tw>o dimensions and then integrated into a hologram. In the 
present format, the integram requires monochromatic illumination. However, 
this" constraint is eliminated if and whej^ thick, phase-sensitive recording 
medium becomes available. It will th^n^be possible to present the image 

in natural colors. ^ ' # 

10. A multiplex hologram uses the combined techniques of the 
integram and the rainbow hologram. Its most important advantage is that 
iit can be illuminated with a tungsten filament light bulb. However, 
depending on the angle the observer makes with the film plane, the image 
changes color, from red to blue without any control and it cannot be seen 
at close, range, -At; a distance, the three-dimensional image is extremely, 
, striking. *' 

11. ^The image of the hologram can reveaj. more information than by 
the mere observation of the original o^^j^t . For example, a specimen 
can be recorded so that black lines appear in the space surrounding its 
image. The shape and locatioA of these black lines reveals the micro- 
scopic shifts on the surface of the object. This technique is called 



.holographic interferometry or, for short, holometry , A typical tejchn|.que 
use^ to produce such a hologram to first make an exposure, ' then allow 
the Suet to be changed by applying a^ force on it, (if it is a plant, aJ.low 
to §row for a short period of time) and then a second exposure is made. In 
the image of the processed hologram, one sees a comparison between the two 
states which reveals all the microsc6pic differences through these black 

5 

fringes. Using this technique, vibration patterns on musical instruments, 
stress patterns as applied to structural parts, axid growth patterns on live^ , 
plants have been observed. 

12. By using a two-frequency laser, contour lines can be mapped onto 
the surface of the image of an object. 'By observing the image of the 
hologram, quantitative information concerning the dimension along the line 
of *ig^t is quantitatively observable, 

r3. Mo.tion pictures, as we see them now, can be transferred into a 
holographic cassette which then can be played back ^through an or^nary 
tel^isjlon set. The major advantage here is. that the recording medium 
is cheap plastic without coating. The interesting part of this hologram 
is that the film can be continuously moved, but the image remains/ stationary 
until the hologram of the next movie frame is in position. This character- 
istic is typical of a Fraunhof'^er, hologram. This allows the cassette to 
be played in a continuous manner, much like a magnetic tape aod unlike 
the jerking motion of a motion picture projector, 

14, It a lens or mirror or some other optical component is part of 
a scene inside a hologram, dt retains its optical characteristic when the 
recorded image is viewed. For example, an object placed behind a lens 
will be seen to be magnified or minified. Such a hologram, when observed 
with a real lens can form a compound optical instrument, such as a 

f 

microscope^or a telescope, allowing the viewer to change focal distance^ 



of the system at will. 
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15. Images of non-existent objects can be recorded holographically 
through the assistance of a computer. Basically, the mathematics ^f 
holography is well-known and the pattern actually reQord^a\on the photo- 
graphic film during the formation can be calculated and plotted out by 
a computer. This pattern can be photographically reduced and viewed as 
a hologram. In a more straight-forward case, computers can initially 
generate two-dimensional sequential images of an event or a TV screen. 
These images are then 'transferred into a motion picture format and then 
converted into a integram or multiplex hologram. Furthermore, computer 
holograms can be used to compensate or correct optical defects of ex- 
isting instruments. 

The list of characteristics above by no means exhausts all the 
interesting aspects of holography. They ^ere specifically enumerated 
to arouse the curiosity and interest on the part of the student. It 
challenges them'^to learn to understand each and every item and perhaps 
even to demonstrate them in the laboratory. 
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CHAPTER III 



GEOMETRIC MODEL 
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\ To make holography accessible to the artist as well as to the 

technician, we here develop geometric model to interpret various 

physical characteristics of hplograms listed in a previous chapter. 

\ , " , ^ 

It is possible, to understand much of holography without a highly 

mathematical background. -However, to do quantitative work rigorous 

' mathematics is absolutely necessary. ^ 

TWO-SOURCfe INTERFEPLENCE* . ' 

Basic to this model is the understanding of how two sources of 
continuous waves, emitting at the same constant frequency, interfere 
in space^ A popular demonstration of this^- is ,t:he tipple tank. Such 
patterns can be simulated by the superposition of two identical sets 
of concentric circles, whe^re the radial differexice^i between sucjcessive 
circles is*^X, one wavelength (Figure 1). Assuming that the white 
areas represent constructive interference, and the dark areas represent 
destructive interference, tracing either set results in a family of 
hyperbolas. Figure 2 represents a set of constructive ii^terference 
patterns. Along the zeroth order, all intersecting circles have a' constant 
radial difference of 0; and along the nth order, .the difference is nX. 
In between the orders of nj^axima are hyperbolas representing the minima 
(not shown in Figure 2), where th^ wave amplitiide is always zero in- 
spite of the fact that waves from two' sources of disturbances are 
continuously passing through. S' 

If the two sources were operating^in three-dimensional space, ' 
as would be the case for-^oustic source^, the interference pattern 

V 

would be represented by the figure of revolution of Figures 1 and 2 
with the line connecting the two smjrces as the axis, i.e. a' famfily ^ 



of hyperbolas . 
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* If the two sets of concentric circles on Figure 1 were made on 

separate transparencies, they could be moved relative to one another 
to observe how the families of hyperbolas are ch&nged relative to the 
po5ition3 of the two sources. This demonstrates the interference patterns, 
generated by the Midhelson interferometer and Young's double slit 
interfe^nce patternsy . , '^^^ 

C 

THE MODEL * ' * ^ 

We would like to state spme ■ interesting, if not more well known, 
characteristics c5f hyperboloids as represented by Figure^,. Take the 
zeroth *opder, which perpendicu^'lar ly bisects the line; Jpining the two 
sources. If we imagAe that thi's plane is a mirror, any ray of light 
arriving from source A would be 'reflected" in such a diredtion as if it 
comes from source B. We can say that B is the virtual image A. ^ ^ 
Now take an arbitrary order other than zero.^ Let us imagine that 
this hyi^erboloid i;s cbated for reflection, i.e. a hyperbolic mirror. 
Any ray of light arriving from source A, once again, is reflected in ^ 
such a dire.ction as if it comes ftom source B. In both cases, a 
reciprocal statement can"t>e made, i.e. that a light ray arriving from 
source B will be reflected by any p^ortion of any hyperbolic surface 
in such a direction as if it^were generated by source A. A more * 
'mathematical statement is that the tangent on any point^f a hyperbola 
besects the angle formed by the two radii 'nrhrough that point. 

A. statement of our model can be presented as follows: Assume all 
hypert^oloidal surfaces that represent the interference maxima due to 
two interference sources to be partially reflecting surfaces. When a 
hologram is made,, the volume throughout the hologram contains a linear 
superposition of a multitude of hyperboloidal sets of partial mirrors, 
each set being created by the interference between the re\ferenc6 beam 
and light from a point on the object.^ When the hologram is viewed, 
each set reflects light from the reference beam and forms an image of 
an object point. 
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APPLICATIONS OF THE MODEL 

The Virtual Imagine - Figure 4 shows tTie optical case of a two- 
b'^m interference' in three-dimens ional. space . Assume that the two sources 
are emitting at the. same constant frequency and that we place a recording 
medium such as silver halide photographic emulsion at a position as shown. 
Since the typical thickness of these emulsions ane in the vicinity of 10 X , 
the interference pattern^ recorded* inside the emulsion represents secMons 
of hyperboloidal surfaces of many different orders. Imagine that after 
processing, these surfaces become partially reflecting mifrors (as we*ll as 
partially transmitting and absorbing). By illuminating the processed 
film with source A only at the original relative positions (Fig. 5), some 
of the light is transmitted directly through thesfc partial mirrors, some 
is absorbed, but the rest is reflepted in such a direction as if they all 
come from source B. Therjefore, if an observer * looks in the direction of 
source B through the processed film-hologram, he sees a virtual image of B. 

We can arbitrarily call the light from source A a reference bepm and 
from' source B an object beam. If more than one point source is located in 
ttie vicinity of B, each source will form a unique hyperboloid set with 
source A and the, film will record all of them. Upon illuminat;^^ng th^* 
processed hologram with source A each' set wijl^eflect light in such 

a wa.y as to recreate the virtual image of all its object point." 

If we now replace object B with a ' three-dimensional scene illuminated 
by light having the same constant frequency as the reference' beam, each 
point or> the surface of this object creates a unique hyperboloid set with 

' ! 

A inside the emulsion. -Thus, we have a hologram of a three-dimensional 
^ object (Figure 6). 

The Real Image - Take-rfehe hologram from Figure 5 and illuminate it in 
a backward direction by focusing a beam of light back toward A (Fig. 7). - 

ERIC , ^ 
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The reflected light from our hyperboloidal mirrors will focus at B 
so that if a projection screen were present/ there we would have a 
real image of B. This can be done also with the hologram formed in 
^ Figure 6. The real image in this case will appear on tl^e^<freen as a 
two-dimensional image of our original scene. Depending on the location 
of the screen, different parts of this scene'will- come into focus. 

Redundancy - It is well knovm that if a hologt^am is broken into" 
pieces, each piec'e will give a .complete .perspective of the original 
scene*. This can be understood from Figure &. Imagine that the film 
were half or a small fraction of its original size as shown in Figure 6. 
Since every elementary volume in the hologram was formed with light from 
a complete perspective of the scene, each of these elementary volumes 
will, produce a complete perspective. In other words, the size of the 
film used to form a hologram is independent of the size of the scene. 
In fact, for the purpose of projecting a real image on a screen with a 
laser beam, it is desirable to select only a narrow area by using an 

4 

undiverge^d beam so that the area covered does not exceed a few milli- 
meters in diameter. 'In this case, the real image consists of rays at 
small angles relative to one another. This increases the depth of field, 
allowing us to have a focused image over a lon^ distance along the " 
beam paths that form the real iiqage. Many laws of geometric opticS 
operate here, i.e. d^pth^ of field, resolution, etc. 

Dynamic Ra?tfg^ '^Si^ot only the locations cJf all the points on an 
object are reproduced in the hologram, but their relative intensity as 
well. Suppose our scene consists of sources ^ and C with B having the 



same intensity as A but with C being less intense than A (Fig. 9). We 
can assume that the mirrors formed between A and B are of higher 
reflectivity than those formed between A and C, due ,to the difference 



gP^Q in. fringe visibility. ^ 



V . Ill 

• When this processed hologram is. illuminated by A, points, B arid C are 
recreated by the refleg^ed light from these surfaces in correspondence 
with their original intensity. Thus, a hologram can recreate total 
variations from faintly illuminated areaa to glares. ' r 

Noise - As is true in all information, transmission systems, the 
output always has noise added to it. Besides the so-called grain noise 
of photographic film, which is due to the scattering of light by the ^ 
particles in ttTe film, another source is called intermodulation noise. 

i 

Jn Figure 9, not only are there interference patterns^between A and B, 
arid A and C, there is also a pattern formed between B and C (not, shown). 
The latter pattern forms a set of hyperboloids that also intersect 
throughout the volume of the film but of much lower spatial frequency 
(fewer lines per millimeter across the surface of the film). This 
results in the scattering of light iA arbitrary directions when the 
hologram is illuminated with the reference beam alotie. When the scene 
consists of three-dimensional objects, every pair of points on the 
object creates an unwanted interference pattern. Therefore, the ^ 
larger the object and fhe cl/ser 'it is to the film plane, th^ more 
serious the intermodulation noise becomes. 

Beam Ratio - To help minimize the effects of intermodulation nois^, 
practical holography requires that the reference beam be of higher 
jlntensity than any point from the object. In practice, the intensity 
ration, as measured by using a diffuser in front of a light meter, 
between the reference and object beams varies from 1 to L to 10 to 1 
for transmission holograms, the type so far discussed. This allows the 
mirrors to form between, the reference and points on the-.j»Dject to be 
generally of higher reflectivity than those formed between any pair of 
points on the object. Also, noise can be further minimized by having 
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the smallest angle between the reference beam and any object beam to 
be greater than the largest angle formed by a pair of points on the 
object. This assuic^s that the minimum spatiaT frequency fornjed by 
the object and the reference beam is greater than the spatial 
frequency of the noise. When the hologram is illuminated, the inter- 
modulation noise is diffracted to angles always smaller than the ^signal 
desired. In this way, even though we cannot -eliminate the noise, we"^--^ 
can isolate .it. . . , f 

Multiple Scenes - One of the most dramatic features of a hologram 
is that it is capable of recording more than one independent scene over 
the same volume to be viewed independently by changing the relative angl« 
between the plane of the hologram and the reference beam. The phenomenon 
involved is Bragg diffraction and is understandable by the use of the mod 
For simplicity, Figure 10 shows a cross-section view of the interference- 
pattern formed in the hologram by having two sources far away from the 
film and making equal angle with it. Thus, the hyperboloidal surfaces 
inside the emulsion approach being planes. The relative dimensions of 
emulsion thickness to X are in close correspondence to physical reality. 
For example, the thickness of the film, typically from 6 to 15 microns, 
exceeds the distance between planes. Therefore, a ray originating from 
the direction of the reference beam suffers multiple reflec^^on by 
successive planes when it penetrates the film; However, because oT the 
inherent characteristics of this family of Ifyperboloids, (recall Jig. 1), 
each successive reflection will have a precise phase shift of ^n, 
i.e., the optical path is increased by precisely X in each successive 
reflection. All the reflected waves then are precisely in phase and 
therefore add in amplitude, resulting in a strongest possible wavefront 



representing the object beam. If the angle of incidence is deviated 
from the original reference beam relative to the -hologram, a-ll the 
reflected beams will hav« different phase differences and '-the resultant 
reflected wave is much lower in intensity. Quantitatively, we can say^ 
that in the case of correct ill{imination, the absolute value of all 
the amplitudes is a^^, a2, ••'•a^ add (being parallel vectors) and the 



intensity is I = ( (aj^j + I a2| + . + 



a^ )• , In cthe case of the 



misaligned illuminat,ion the phase shift of each successive reflection 

1* 2 1 

is different from 2n and I = (a^^ + a2 + . . . + a^O > so that I ^ I .'^ 

In praoti^ce, when the illuminating angle is significantly different 

from the correct angle, no image can be seen. This is precisely the 

manifestation of ^ragg diffraction. * ^ 

To create multiple scene holograms, one exposes the film with 

object O^y stops the exposure, changes to a second object O2, changes 

the angle between the ^reference bieam and the filp, and exposes the 

second time. Generall;^, each exposure is one-half that of t;he 

exposure for a single scege hologram, assuming no great change in 

object brightness. The resultant pattern recorded in the processed** 

film is the equivalence of the superposition of two independent sets 

of hyperboloids , each corresponding to a given scene. ^ During re- 

construction, depending op the orientation of the *hologram with " 

respect to the reference , beam, the wavefront of one or the other scene 

can be recreated. This is true^^J^oth for the r^al and the yirtual 

Images . 

Depending on the thickn&^s of the film and the size and l>roximity 

of the scenes relative to the film and to the reference beam, different 

i»' . * , * 

degrees of success *can be achieved in miijimizing cross taljcing. A 




great deal more detail concerning this is explainable with this model 
than space here allqws^ 
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White Light Reflection Holograms - From our previous example in 
Figtire 10, it is apparent that if the hologram is sufficiently thick, 
it can be illuminated by white light. Only the waves of the original 
fr|puency can be successively reflected in such a way that the image 
waves are. in phase. All the other colors are reflected with phase 
relations other than 2rr and their intensity is drastically decreased. 
In realit^y, the actual dimensions of the film used, versus the actual 
spatial frequencies, does not allow this to work well. In general, 
a^red light constructed hologram can be viewed with any monochromatic 
color. For example, for' holograms constructed by the helium neon laser ' 
and then viewed with the yellow line from a mercury or sodium lamp, 
one needs to tilt the hologram so tha^ its normal makes a smaller angle 
with the reference beam. In such a way, the optical path ^-difference 
among various successive^ef lections is compensated so as to become in 
phase again. In general, -the image recreated is aberrated. The degree 
of aberration is in correspondence with the geometrical praperties' of 
hyperbolic reflectors. 

Thf ability of the hologram to discriminate color depends on the 
number of reflecting planes that a given ray of reconstructing light 
encounters. To maximize this number the film should be placed in a 
location bj^tween the object and 1: he reference beams as shown in Figure 11. 
Since the separation between the successive hyperbol*6i<lal surfaces along 
the line joining the two sources is the usual 6 to 7 microns thick 
photographic emulsion would store up to twenty planes for red light. 
The ima^ from such a hologram can be reconstructed from a point source 
of white light as tl|(at from the sun or a penlight, arid offers a narrow 
color band selection. We can consider each surface as a hyperbolic mirror 
so that all light reflected by it will appear to come frpm the object • 
point* Sij^ce each ray of reconstructing light penetrates through many 
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planes, each reflection is in phase with all the others, the result 
is an intense reflection for the original color* The object point shown 
^in Figure 11 can be a three-dimensional scene, illuminated by a separate 
beam of light from the laser. It is quite apparent that from this model, 
intermodulation noise will not be troublesome due to the fact that the 
surfaces formed by mutual points on the object are almost perpendicular 
to the set that we desire. Thus, it is understandable tl^at the bear 
ration between the reference iand the object beam should be "n^Ar 
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Holographic Interferometry - Consider a double exposure as represented 
by Figure 12» Here the object is located at Bj^ duriftg the first exposure 
and is moved to a distance in the order of X, for the second exposure* 
The resultant hologram is a superposition of two sets of hyperboloids. As 
can be observed from Figure 12a, the two patterns coincide on the left- 
hand side of the hologram but fall in between one another on the right- 
hand side. As a realistic correction to our model (first perturbation?), 
we -should realize that these surfaces, instead of being hard, infinitely 
thin planes, are actually sinusoidal in distribution* The result is 
that, when we view the hologram, we see a bright point located in the 
vicinity of the original object point from the left side of the hologram. 
Frop the right-hand side we see nothing, due to the fact that the two 
patterns add up to be a constant, resulting in no discernible pattern at 

all* If the object ""point had been displaced differently (to Bo as shown 

\ ' . ^ 

in Figure 12b) its interference pattern would be shifted in such a way 
that the two patterns are in anti-coincidence on the left-hand side of 
the hologram but In coincidence on the right-hand side, and, the situation ' 
then is reversed. 
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Therefore, for a continuously distributed object^ which is linearly 
displaced; we will see in general a set of straight bjack lines super- 
posed on the image of the object. On the other h^nd , if the object is 
stressed, complex lines will be observed each of which represents loci of 
points in which the object beam suffered a constant phase shift. 

Holoyaphic Cotitouring - Dark interference lines can be formed on 
a scene that indicates points of constant elevation. This is done by ^ 
^ exposing, either successively or simultaneously, the hologram with two 

different ^wavelengths of monochromatic light. Figure 13 shows the super- 
position of two sets of hyperbolas with the foci at the same locations, but 
with the number of interference orders differing by three, indicating a 
» small wavelength difference. If the observer moves across this hologram, 
the object point will appear and disappear alternatively. If the object 



were extended in space and the observed Ipoks through a giyerf spot on the 
hologram, dark lines would appear on the object designating constant 
changes in elevation. 

Coherence Length ■ (temporal coherence) - One of the basic techniques 
in making good holograms is to insure that the optical path of the object 
and the refereope beam be equalized, beginning from the beamsplitter. In 
general, lasers operatl^q^ without an internal etalon emit simultaneously 
more than on^ frequency. Fbr example, the low cost helium neon lasers 
emit typically two to three different frequencies simultaneously. The 
frequency difference between the various lines is defined by 

A f = c/2L 

V ' where f is the 

s 

frequency difference, c is the speed of light, and L is the di^stance 

- - ' - ^ _ 

between the two, mirrors in the laser. When a hologram is exposed using a 

' ' two- frequency laser, a contour is generated on the object if the size of 
^ the scene is sufficiently large. For the part of the scene in which the . 
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optical path is equalized with the reference beam, the interference 
pattern resulting from both frequenc^ies 'coincide on the hologram^ The 
first dark fringe on the object represents the anti-coincidence of the 
two sets of fringes caused by the two frequencies. Therefore, for a 
sufficiently small object located at this first contbur line area, no 
holograms will be made. Alternatively, if the location of the hologram 
is completely within the area of anti-coincidence of the two patterns, 
then, once again, there will be no net pattern recorded. Near the 
zeroth order, all frequencies are in coincidence. Therefore, even white 
light can form a distinct interference pattefn, such as in the case of 
white^ light fringes of the Michelson interferometer. 

^ Spatial Coherence - In all -previous cases, "we tiave assume'd that' the" ' 
reference beam must always be a point source. We can invoke the model 
here to explain why it is unwise to do otherwise. Consider using a 
beam scattered from a piece of ground glass as a reference beam. In 
this case, the hologram exposed is equivalent to one which hVs a large ' 
number of individual reference beams from a variety of slightly 
different angles. Each reference beam forms an interference pattern in 
space slightly displaced from all the others. If the hologram thus 
recorded is later viewed with a point source, the image will appear to * 
be blurred due to a variety of angular orientation of our imaginary 
mirrors. If the spot size on the ground glass is sufficiently large, 
the image can be blurred beyond recognition. In the case of the white 
light holograms, due to the close proximity of the hyperboloidal surfaces, 
no hologram will be formed in the first place • 

Laser Speckles - Anyone wHo has seen laser illuminated obiects has 



noticed the speckled ef f^«^<l.^., a granular , appearance on the surface. 
Furthermore, the size of the graIhs>-.-lnci\ease a^s one moves farther away 
from the surface. Our model will help to explain mauy of these observed 
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properties. 

Consider a projection screen illuminated by laser light. Any pair 
of points on this surface will form an interference pattern represente4 
by a family of hyperboloids in^space (Figure '2). If we walk across the 
rooni'while 'observing these two points, we walk across this pattern and 
observe alternately bright and dark spots. The closer the two points are, 
the coarser the pattern is. Also, the farther we are away from the points, 
the greater is distance between bright and dark areas. Siace every pair 
form with each other a unique interference pattern of varying spatial 
frequencies and the illuminated area of tlie screen has a great number of 
points, the result is random^ distribution of a large number of different 
hyperboloids. Therefore, the granular appearance is inherent In the 



nature of the light. Additional characteris'^tics contributed by the 
defects of the eye will not be discussed here. ' 

CONCLUSION 

As is true with all models, our geometric model for holography must 
break down at a limit. This limit is the "thin" hologram. A hologram 
is considered "thin" when the separation between the hyperboloidal 
surfaces exceeds the thickness of the emulsion. At this point, our 
model will start giving wrong answers. For example, a thin reflection 
hologram, according to the model, should give a white image when 
illuminated in white light; while, in reality, no- image can be formed 
this way. Also, since there is no longer any Bragg effect, a trans- 
mission hologram should also be given a white image if white light is' 
used for the reconstruction. The fact is that the image will be 
smeared in a continuous s'pectrum. On the other hand, the model has 
.provided us enough background up to now to begin using diffraction 
theory for -explaining holograms. We can now consider a hologram as 
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a super^sition'of two dimensional grating^ recorded on film due to a 
mutual interference of the reference with the object beams (Figure 14). 



By studying the properties of diffraction gratings, alt the properti< 
of a thin hologram can now be understood. ' ^^^^ 
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CHAPTER IV 
THE FOURIER DESCRIPTION 



The previous chapter offered a'phjrsical model with which the 
holographer can visualize what he is doing in the laboratory. Far 
more elegant and useful is a formal understanding of Holography. This 
involves a mathema'fiical description mostly using Fourier analysis, 
and is well described in many ex^:ellent texts discussed in the last 
chapter. Here, we wish to present a qualitative model with which an 



instructor can discuss formalism with students in general and instill 
into them an appreciation of the elegance and beauty of pil^ical science. 
Through the study of holography ;^jwe can demonstrate how the scientist 
operates between induction and deduction, between experience and formal 
ideas, and-_t-he interaction between nature and th^mind. We do sO. 



by demonstrating that .through physical observation, we can come to a set 
of formalisms which describes correctly what we see. Then, within the 
formal framework, wq can work strictly on a mathematical level, and 



arrive at ideas that can be later translated back into physical reality. 
From the pedagogical and educational point of jView, this is^ 

singularly the most important mess.age that holography can bring, 

i 

independent from its usefulness as an optical medium. Froipi^past 
'experience, the theoretical model presented here can be appreciated both 
by scienticic and liberal arts students, independent df "their ' level of 
mathematical understanding. We sha].l not attempt to make calculations; 
rather., we shall discuss how mathematics works for us and how it fits 
into the scheme of things in scientific pursuit. By using basic set 
of holograms which can be constructed by the student or purcmased, the 
ideas presented below can be made much more cogent and clear. Much of 
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the presen£ation^he,re will" be in parallel with-the previous chapter, 
but to accomplidli a different' purposes . • . 

MATHEMATICAL BACKGROUND,.- 

^nitially^ students .will need to be reminded of the' principle of 
superposi^tion, i.e. in a lipear systein (a system which obeys Hookers 
any complex periodic wave can.be construjzted by taking the sum 
^ot pure sine waves of definite frequencies, amplitudes , and phase 
^relajtionships • - «. 

Consider the sine ,wave of Figur^ la . its frequency spectrum 
(also called a Foiirier spectrum), as shown in Figure tb , consists'.of a 
•zero frequency ("dc") component of ajnplitude ACf^)*!, and single sine, 

f unet-ion-H>f--amp^l4^-ud^--Af £^)^1^^ — — ^ ~ — ' " 

, , f (x) =1 + sin (2TTf^x). _ . . 

Next consider Figures 2a and, 2b . "These represent a "beat note" 
which is obtained by adding two sine waves of different frequencies. 
If the curve f (x) is not symmetrical with* respect to the horizontal 
axis, it merely mean^ that there is a "dc" component A^Cf^). Analytically, 
f(x).^= A(f^') +A(fp sin (2nf^x) + A(f2)' ^ia (2nf ^x) ' . \ 

It can be shown that the square wave of 'Figui;e ,3a can be obtained'by 
summing all the sine waves designated in the Fourier spectrum (Figure 3b 
The instructor can actually draw a few of the sine waves on the chalkboard 
and add the amplitudes together point by point to ttrove this! The dotted*^ 
line of Figure 3a is the center of symmetry of thPwave, ^nd its 
amp/litude is represented in Figure 3b as the "dc" component. -The f^ 
component is the "fundamental" of f(x), Sf^ is the third "harmonic" * 
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(or third order), etc. For a regular square wave, only odd harmonic& are 
present. The dotted line on Figure 3b is the envelope of the spectrum 
which depends on the ratio between the widtl^'of the top and the«*ottom 
of a cycle. 

The process of finding the frequency spectrum of a given complex, wave 

r 

is called Fourier analysis, and the corresponding process of finding the 
complex wave from a given set of sine and/or cosine waves is called* 
Fourier synthesis. To attain a rigorous understanding of holography, 
detailed knowledge of this branch ^pj^ mathematics is required. Hcrwever, 
for beginning students, it suffices to understand what has been presented 
above. 

For more advanced students, the spectrum of a single pulse can be 



discussed. This can be considered as a periodic wave with an infinite 



period. The spectrum consists of a 'continuous distribution of • frequencies ; 
f(x) is a Fourier integral summing all frequencies* of gw^ amplitudes 
and phases, i.e., f(x) is a Fourier ^transform of A(f^ 



PHYSICAL DEMONSTRATION 

Having provided the above background, a physical demonstration can 

now be^ilf. The material,. involved consists of a sine grating, a "beat" 

> 

grating, an alternating bar replica gratiag, a Gabor zone plate, and a 
hologram of a three-dimensional scene. 

1. The sine grating . The arrangement shown in Figure is 
used to make the sine grdting. A lasar beam is split into two components 
and then recombined at an angle 0 to one another 09 a sheet of photographic 
film or plate. The .intensity of the interference pattern across the plate 
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has a sinussoidial distribution, essentially the same as that caused by 
a Lloyd mirror or a Fresnel biprism. The spatial frequency increases with 
the angle O between the beams according to f = ® , where \ is the 
wavelength of the light. If the laser beam were split into three 
components, and the third component is recombined with the first two, 
as shown by the dotted lirre in Figure 4a , the ijj^rference pattern would 
not be significantly changed. Since the film does not "know** whether this 
component is present or not, the diffraction pattern fr<^ it has a 
symmetrical order on each side. (If the emulsion is thick, the situation 
will be different. This point will be discussed later.) One is called 
the complex conjugate of the other. This sine grating can be said to 
be a hologram of a parallel beam of light, or of a point object located 
at infinity, since the reconstructed wavefronts are the same as those 
used to expose the plate. 

The basic principle illustrated is that the Fraunhofer diffraction 
pattern represents the Fourier analysis of Sthe diffracting aperture, in 
our case a grating or a hologram. If we plot the transmittance (fraction 
of light energy transmitted) versus distance across the sine grating, the 
curVe would look like Figure la , a pure sine wave having a certain 
number of cycles per millimeter (spatial frequency). As discussed above, 
such a waye has only one Fourier componetit,' plus a "dc" term. When a beam 
of parallel and monochi^matic light *is diffracted by this grating, it c^n 
be seen that the diffraction pattern consists of an undeviated beam (the 
dc** component) plus one order of diffraction on. each side (Figure 4b 

2. The beat gating . 'The diffraction pattern from a beat grating 
further demonstrates this principle. The transmittance curve in this 
case is represented by Figure . As 'expected, the diffraction pattern 



of this grating consists of two beams on each side of the "dc" beam, 
represented by^ Figure 2b. .The beat grating is made in the same manner 
as the sine grating, with the addition of another object beam from a 
different" angle. The pat):ern on the grating is just a superposition of 
two sine gratings of different frequencies. If more than two object 
beams are , used, the beat pattern on the film gets more cotnplex and the 
diffraction pattern from it merely reconstructs all the object beams. 
Furthermore, the object beams do not have to be in the same plane. 

In the foregoing description, which holds for an arbitrarily small 
area in an arbitrarily thin emulsion, the film is performing a Fourier 
synthesis while beipg exposed, i.e., it adds, together the individual 
sine waves caused by tjie interference between the reference and the objec 
beam(s). The result is a complex periodic wave pattern. When mono- 
chromatic parallel light is incident on the processed film, Fourier 
analysis takes place and the light is spread into a configuration 
similar to that used to make the exposure.- This is the process of ^ 
wavefront reconstruction. . ' , 

Technically, one can say that the hologram is the Fourier transform 
of an object function; the diffraction pattern of the hologram is the 
Fourier transform of the grating function; therefore, the diffraction 
pattern from the hologram is the Fourier transform of the Fourier f 
transform of the object function, i.e., the object. However," this is 
more easily said than understood and care should B'e exercised by the 
instructor so that the students don't merely substitute , this statement 
for understanding. 
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3. The Standard diffraction grating * (A Ronchi ruling.) It follows 
that if a square wave intensity pattern (alternating opaque and trans- 
parent bars) is desired on the film, one could obtain it by bringing. together 
many object be^ams of correct amplitudes from, predetermined angles. This 

is not done because there are easier ways of making such a grating. 
The familiar diffraction pattern th^n shows the spectrum of this wave. 
Thus, such a grating can be said to be a hologram of many point objects 
at infinity. It should also bB realized now that, in principle, we can 
.make a grating whose diffraction pattern look^ like anything we wish. 

So far we have concentrated only on point objects at infinity 
(parallel beams). The same ideas hold when the objects are near the film 
(divergent beams). ^ 

4. The Gab or zone plate . For simplicity, consider the interference 
pattern formed on the film by using the configuration shown in Figure 

Here, the object beam of Figure 5a has traversed a lens and -focused * 

at a point. - This is equivalent to having light coming from a point ^ 

»» 

object nearby. Notice that *the angle, and therefore the spatial - ' 
frequency, is dependent on the location on the film. For example, the 
spatial frequency on top of the film (Figure 5a ) is f^ = ^ and 
gradually decreases to = ^ at the bottom.- Thus, the pattern 
subtends a finite bandwidth. 

Imagine for^\^-mo men t that the f i Im is an in f itli t6 vertical jft ane , 
the light from the point object is isotropic, and the plane reference 
wave covers the entire film. Then there is cylindrica^^'^syipietry about 
a horizontal axis, and whose radial spatial object (dotted line. Figure 
The diffraction pattern on the film would be an infinite set of concentric 
rings, centered on the axis, and' whose radial spatial frequency increases. 

' • - ■ ' 58 ^ ' ' ■ 
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with the radius. Since our actual film' subtends^ a small off-axis \ 
section, the actual pattern formed on it is an off-axis section of the above 
set. If these rings were an alternatingly opaque and transparent set, 
they would form an ordinary Fresnel z*one plate. However, this set is*^, 
^sinusoidal in character, and it will be given the name Gabor zone' plated 

The reconstructed wavefront froto this plate is shown in Figure 
One way to explain this-* pattern is as follows: Consider an area on the 
film small in dimension compared to' the distance from it to the object / 
point, Duririg the exposure, both the reference beam and an element of 
the pbject beam arriving at this area can be considered to be parallel. 
Thus, iQcally , the interference pattern on the film is a pure sine wave, 
Isci the reconstruction, light impringing on any part of the processed 
film will have only one order of diffraction. However, the higher, 
frequency regions have a larger dispersion, diffracting l^ight to a largef 
angle. Therefore, light diffracted off the top of this grating diverges 
more ^han that diffracted from the bottom of -the grating. By cylindrical 
symmetry, half of the diffracted light will converge to a point, forming 
a real image of the original point, while the other half diverges and 
forms a virtual image of the same point. 

Photographically, an object can be considered as^ a set of point 
sources of light located at various disbances from the film. If a 
three-dimensional figurine is substituted for the po^int object and 
illuminated by laser light, e^ch point on it will reflect light onto 
the film and form a system of rings described above. The film would 

V 

add togetlier, or integrate, all the sets formed by each point on the 
object, i.e., the interference pattern formed is thfe superposition of 
all individual sets. In the reconstruction^ each set of rings forms a 
real and virtual image of a point, thus creating in total a real and 
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. virtual image of the entire object. ^ 

5. The hologram. * At this point, an actual hologram of a three- 
dimensional scene can be shown. 

PELATIONSHIP BETWEEN SPACE AND TIME DOMAINS IN INFORMATION THEORY 

For those who are familiar with radio theory, it should be realized 
at this time that it is strikingly similar to the theory of holography. 
.Although radio is a time* dependent wave phenomenon and holography is 
space dependent, both are described by the same communication theory. 
The almost trivial mathematical difference betw'een the two is that one ' 
operates in the time domain (having t as a variable) 'while^the other 

V 

operates in the space domain (having r(x,y,2) as a variable) of the 
Fourier transform theory. . t 

To illustrate this point, let us enumerate some phenomena exhibited 
in radio and relate them one by one to holography; 

1. ' BandwMth. As described previously, a hologram has in general ^ ' 
a continuous range of spatial frequencies. The bandwidth of the 
arrangement shown in Figure 5a is ^ < f < ^ • For a three- 
di^nsional object, the bandwidth depends on the ext^ime angles between * 

the reference beam and the rays from various parts of the object as they 
intersect on the film. Therefore, for a given reference beam direction, 
the bandwidth of the system increases with the physical dimensions and 
the proximity of the object and the film. 

2, * Noise . St^ic in radio is well known. The spatial equivalence 

is the smudgy appearance, the whirls and rings that can be seen on a ^ 
hologram surface which have no relation to the pertinent information 
recordifid. They are caused by tKe diffraction of dust particles and 
dirty spots ort mirrors or lenses used in making the hologram. v? 
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3. . Filtering . A narrow bandpass filter can be usjed in radio to 
eliminate the noise in the' carrier. Similarly, this can be done in 
holography. Consider Figure 6 . A parallel laser beam is reflected by 
dirty mirror and then focused through' a dirty lens. The unscattered beam 
converges to a point of typically a few microns in diameter at the focal 
plane. The images of the dust particles, however, will occur at the 
conjugate foci, not coincident with the focal point. Therefore, a 
simple pinhole located at the focal point will selectively pass the 
original parallel beam and stop the noise. 

A meaningful demonstration on a dark field illumination in 
micr:oscopes can be done using the simple arrangement shown in Figure 7 
In this case, instead of the narrow bandpass filter described above, a 
narrow bandstop filter, i.e., a small blackened pinhead, is used, the 
laser beam is first diverged by a microscope objective and rendered 
parallel again with a larger lens. The object (a fine wire mesh, for 
example) is placed in the larger beam. The next lens converges the 
undiffracted "dc" beam into a p.oint, which is blocked out by the 
pinhead. The diffracted light, however, is focused at the screen, ( 
placed at thd conjugate focal plane to the object. An image of tHe 
object will then be seen without the bright direct light. By carefully 
moving the pin along the optical axis of the system, phase reversal 
can be seen as various orders of diffraction are cut off. 

4. Fidelity . . The amplifier and speaker .system in radio is 
considered "Hi-Fi" if it has a wide passband without distortion. This 
is also true in optics. A larger lens lias better resolution (fidelity) 
than a small one because it gathers a larger number of orders of 
diffraction (more harmonics) from the object and recombines them at 
the focal point. The lower limit of resolution is realized when the 
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aperture is so small that only the "dc" component gets through, which 
carries no information. The lens here is performing a Fouriet synthesis and 
a Fourier analysis all at once. 

The»size of the hologram, then, determines to a great extent the 
ultimate resolution of the image, ^Although every piece of a hologram 

% 

gives a complete view of the object, the resolution decreases with the \ 



decrease in dimension of the piece - because the bandwidth Is being 
narrowed. When a piece is small enough, only the "dc" component can 
come thxrough. This point can be**demonstrate^ by directly covering 
_a hologram with a black card with various sizes of holes in it, and 
observing the image through the individual holes. 

oding . A radio message can be "scrambled" by giving an 

auxi/liary modulation to the carrier. The same can b^ done to a 

I 

'hologram by inserting a very irregular piece of glass in the path of 
tretf^eference beam during .exposure , The plane reference wavefront'is 
n^ warped. In viewing the finished hologram with a plane wave, the 
image is ''scrambled," However, if the same piece of glass is used 
in the reconstruction, the true image of the object is recovered. 

6. Sideband suppression and multiplexing , A sinusoidal carrier 
has two sidebands. A radio channel can be multiplexed by modulating 
each sideband independently. How this can lake place in holography 
*will be explained in two steps. ^ ^ 

(a) Sideband suppression. Figure 8 depicts a more realistic 
picture of a hologram construction because it shows the emulsion having 
a finite thickness. For example, 8E75 plates have emulsion thickness 
of about 6u. For simplicity, consider two waves interacting on the 
emulsion as shown, where the do^tted lines indicate the crest' of the 
waves. On the surface a sinusoidal 4iff taction pattern occurs with 

er|c . 
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antinodes located at lines (into the drawing) where the crests meet. ' ^ 
On the plane immediately behind the surface the same pattern occurs 
but is slightly shifted upwards. As the waves travel^rough the emulsion, i 
nod^l planes are formed, as shown by the heavy diagonal lines. When the 
emulsion is exposed and processed, these darkened planes behave as 
Venetian blinds and suppress one of the sidebands. The^ef fectiveness of 
the suppression depends on the emulsion thickness and density, after 
development. If the plane. object beam is substituted by a three- 
dimensional object, and a hologram is made, the real image is suppressed, 
but not lost. By turning the hologram backward, which reverses the 
direction of the blinds, the real image can be projected onto a screen 
and the virtual image is suppressed^. In practice, this can be done 
^ easily by illuminating the backward hologram with a narrow laser beam. 

The small spot of the hologram^'used causes a sacrifice in resolution, 
but depth of field is gained in the projected image. ^ 

^ (b) Multiplexing. During construction, the once exposed photoplate , ^ 
can be turned upside down and a different object is used for another 
exposure. In this way, each sideband is ijiodulated separately and the ^ 
finished hologram will show two completely unrelated pictures, depending 
on its orientation with respect to the illumination. To avoid (cross- ^ 
talk), the angle between the reference beam and the object beam should 
be sufficiently large and the physical dimensions of'^e object should 
be sjifficiently .small. (Iti other words, the frequency domains of the 
^t\Jo sceAe^ must not Overlap.) 
^, At this point, we caj/^tilize the "fact that the space domain has 

^ . three dimensions, whereas the time domain has only one. When on^ looks 
out at night through a square mesh wire screen window at .a street lamp, 
one sees a diffraction pattern resembling a- cross thsce^ are many orders 
Q of diiffraction both in the vertical and the horizontal directions. 

^ " . ■ . 68 . 



o t)ecause the screen is' a two-dimensional ,squate wave, 
which has many Fourier components. If the transmittance of the screen 
had been sinusoidal in both directions, there would be a total of four 
sidebands, located symmetrically around the lamp. This means that 
after the initial exposure during a hoBogram construction, the photo- 
plate can be rotated 90 deg. at a time until foijr completely ^iff^rent 
scenes are recorded, one on each sideband. In fact, 'any nuptfer of ^ 
independent scenes can be recorded in principle by making a smaller 
rotation on the photoplate after each exposure, the limit being the 
overexposure of theW!^ulsion and the occurrence of cross^talk between 
adjacent scenes. Overexposure, however, can be remedied to a degree • 
by bleaching the finished liologram in potassium ferricyanide or 
mercuric chloride, changing the "amplitude hologram" into ^ "phase 
hologram." The "latter is similar to a transparent grating having^ on 
it a pattern of variations in thickness and/or index of refraction, 
7 • Tube cha racteristic versus film characteristic . ^ Everyone 
is, to a degree, familiar with the characteristic curve of vacuum 
.tubes and how it affects ,the transmission of information in radio. 
A strikingly similar consideration occurs in holography. Figure 9 
shows the characteristic curve of a typical emulsion, ''we can consider 
the reference beam ,as a "dc bias", which exposes the emulsion uniformly 
to the^ center of the linear region of th6 curve (vertical dotted line) 
and the object beam as a modulation. For a given emulsion, the total 
exposure as well as the ratio between the intensities of the reference 
and objec,t beams must be correct in order to transmit the strongest 
signal without distortion. For 8E75, the correct intensity ratio 
between the reference and the object beams lllb approximately 6 
depending on the bandwidth and other factors to be discussed later . ' 

69 
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If the film is overexposed or overmodulated, higher harmonics can 
be demonstrated If a hologram is made with a small reference beanj 
angle relative to the object. The result is that second and third 
order diffraction can be seen, showing non-linear response. 

RELATIONSHIP BETWEEN THEORY AND PRACTICE 

The preceding demonstrations sufficiently show that the Fourier 
description fully applies to holography. At this point, independent . 
of the background of the students, it is fruitful to both show and 
discuss how one might obtain physical ideas- from pure theory. It is 
both dramatic and informative here if the instructor arbitrarily pulls 
out some mathematical theorems from ar^y standard text on the mathematics 
of Fourier analysis. For simplicity , -following is a one -dimensional 
pair of Fourier transforms where x denotes the distance across a one- 
dimensional hologram and uu is the spatial frequency in units of lines 
per m^ter. 

1 J- -luux 

f(x) = A(uu)e diu 

^2tt 

1 ® ia;'x 

A((ju) = J f(x)e dx 

v/2tt -co 

This theory is developed well over a century ago and we wish to 
show that it applies to our present subject. We proceed by arbitrarl^ly 
selecting theorems derived from this transformed pair an3^^k the follow 
ing question: What does this mean physically? 
Take the First Shift^Rule: ' If A(x) ^ f(x), 

then f(x-b) - e^^^A(uu). 

Physically, this means that if x is changed by a constant distance, b 

I, 

the Fourier transform (in the frequency domain) the function is not at a 

r 

changed except by a phase factor. If the transform is squared, which 
represents intensity rather than amplitude, " the phase factor drops out, 
leaving the function (x) unchanged. This can be physically 
demonstrated by moving a sine grating across a beam in a direction /" 
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strictly perpendicular to "^he lines on the grating, and show that 

the diffraction pattern on th^ screen is not 6t all changed. This 

* idea resulted iri a very useful application in RCA's Selecta-Vision 

system which uses holography to record televisl.on programs. 

Essentially, a sequence of holograms is made of corresponding 

sequential frames of a standard motion picture. The projected 

# 

image from the hologram will be compJLetely stationary so long as a 
laser beam is scanning across a ^iven hologram. As it jumped to the 
next hologram, the image is abruptly changed and then again remains 
stationary until the next hologram is scanned.- This means that the 
holographic record can be transported at constant speed, unlike 
motion pictures, which require beam chopping and uneven motion. 

Another iTlustrative example is the Convolution -Theorem: 
If f^(x) - A^(uu) and" f2(xX -*'A2(u})3^, 

^ fl(T)f2(x-T)dT - Ai(u))A2(u;) . 

Thus when one function. is convolved with another, it is 
equivalent to a simple 'J)roduct of their transforms in frequency space. 
Figure 10a shows an -application of this idea. If an object is located 
behind a highly warped piece of. glass and a hologram is formed this way, 
the subsequent viewing of the holKgram will yield only the deformed 
image. .We here illustrate the convolution between the light arriving 
from the object with the screen'. The image can be retrieved by a 
"process of de-convolution. This i$' accomplished by projecting the 
reference beam precisely backwards through the hologram (Figure 10b). 
The diffracted light goes backward through the warped glass, which 
decodes the image and forms an undistorted image on a screen located 
at th^ position of the oi^iginal object. 
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The preceding are but two simple examples of this. The student 
will be highly enlightened if he goes further and checks on other 
theorems to find physical meanings, Jndeed, it can become a game, 
if one takes an electronic text and substitutes at the location of 
the time vajriable with a space variable and tries to conjure the 
physical meaning arrived from this change. 

The existence of the' S3rmmetry between the time and space domain 
in information theory is not accidental. It* is part and parcel, in 
fact, of the vay in which waves behave. And all these ideas have 
been summariied in a nutshell over a hundred years ago by James Maxwell. 
Indeed, the physics of communication sj^-stems, whether they operate in 
the time or space domains, are derivabke from the basic Maxwell 
equatichis. The realization and the appreciation that the human 
mind can perform such grand analysis and synthesis is stjfficient^ 
to put religion into holography. » 



CHAPTER V 

\^ Material Requirements 

The title of this chapter implies that what follows will be merely 
a list of hardware and software. Actually, a detailed understanding 
embodies an ine'xh^g t ib le/ amount of physics from the theory and operation 
of mirrors and lenses co the quantum theory of the laser, Mjj^nimally 
-feiie student needs to understand the simple theories of reflection, refraction 
and'simple lenses. More ^vanced studies involve polarization, the electro- 
magnetic theory of reflection and transmission from dielectric and metallic 
surfaces, operation of the laser, as well as the chemical processes involved 
in developing the film. If 

One of the greatest inducements to include holography in the science 
curriculum is its low>cost, A great deal can be done with a total budget 
o-f approximately $250,' For schools that already possess a suitable lager, 
a budget of $150 will suffice to start a program in holography, furthermore, 
the material listed below is easily obtainable and'can^e assembled with 
minimal skill, using common tools. 

On the other extreme, sophisticated components are now available which 
can exhaust any^budget. The philosophy ,in this writing will be to 
emphasize the 'inexpensive methods. Assuming that once money is availa^e, 
one can '.always easily educate himself to spend it. 

As is uSHally the case, greater expense do^s n6t insure proportionate 
success. For example', a simple ^ndowpane variety glass makes a better 
beam splitter than a host of much more expensive items. Much depends on 

the ingenuity* and the depth of understanding in the function of each 

♦ 

component , 

What follows is a basic list of material required, with some general 
emphasis on minimal requirement and expense; 



General Hardware 

For a sandbox system^ most optical components can be mounted by 

attaching them with modeling glue to 2-inch diameter PVC pipes obtainable 

from construction companies or hardware stores. For systems with a hard- 

« 

surfaced table, ±t is useful to have a good collection of rods, clamps, 
right-angle clamps, and stands. 

Vibration-Isolated Table 

A low cost, versatile holographic table can be constructed by using 
l-^inch thick plywood (or any well-aged lumber) ^ And construct a 6 x 8-inch 
deep box. .The other dimensions might be 2 x 3 feet or 3 x 4 feet. In 
general, it should not be larger than what can go through a lecture room 
-or laboratory room door^ but large enough to acG^^odate the laser to be 
used. In general, this type of system should not exceed 5 feet in either 
dimension because stability wilil begin to Suffer. 

This table is then filled with white silica sand, 5 to 6 inches deep. 
This type of sand is** generally used for ash trays and is obtainab^^ from 
construction companies or your janitor. 

Underneath this sand-filled box should ^e two to four 12 to 20-inch 
diameter, inner ^^^s inflated to, their normal ^sizes. They are go-cart 



or home tractor inner tubes and are available from NAPA dealers as well 



as Sears Roebuck & Company. 

'For general versatility,' this whole system "inner tube and sandbox 
can rest on a movable laboratory table so that i,t^an be wheeled from 
lecture demonstrations , into laboratories. 

One of the greatest advantages in using the sand system is that 
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almost all the components be used in it will be mounted* on PVC pipes 
and will not be useful for any o^her purposes. This avoids scroungers 
that are abundant in every scien^nj^feepartment. 

However, an equally suitable and generally more useful table can be 
constructed by resting on inher tubes, as mentioned be?or^, any type of 
hard and strong surfaces. T^is includes steel plates or even cement* 
slabs. In general, maS'S and rigidity are desired. For this type of 
table, components can.be mounted on rods and clamps for height adjustment. 

On the other hand, PVC pipes used on the sand table will hold their 
position easily, at any angle, s,i,nce the inside is filled witfi sand. 

Laser 

Although laser^ are now obtainable with outputs in any visible color, 
the ttnie-tested lowest cost and highest reliability laser is the helium 

neon (HeNe) laser. The cost starts from $110 and up. Although the 

■ 1 
\ I 

lowest cost one will make simple holograms, the general rule is that 

the greater the output, the greater variety of holography can be performed. 

i 

In general, specify a laser which operates iA the TEMqq or uniphase mode. 
This can be checked by passing the red light from the laser through any 
type of simple lens and observe the enlarged spot on a screen. There 
should be a well-defined round spot with the highest intensity at the 
middle and a smooth decrease toward the edge. Move the lens slightly 

to discern dust diffraction patterns from the beam structure. The laser 

\ 

should be rejected if it has a dark spot in^he middle or if the beam 
consists of several spots. 

Lasers of this type can be obtained with polarized jor unpolarized 
outputs. If a choice is available, the polarized output is generally 
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more useful; although either type will make holograms. 

Front Surface Mirrors 

Only fTont surface mirrors should used for holography. If a 
bathroom-type mirror is used, the ^ front surface will reflect a portion of 
the- light as well as the back surface, causing two beams which interfere 
mth each other. In general, a minimal system requires two small (below 
1x1 inch) and one large (4 x 5-inch) mirror. 

The quality of their surfaces is important and can be checked simply. 
With a beam expanded by any lens, reflect it t|o a distant screen with the 
mirror under te'st. The diffraction patterns caused by dust and scratches 
oh the lens or the mirror can be discerned readily by slightly moving the 

tw3 <^bmponerlts. There should not be additional diffraction pattern^^, 

\ " 

observed as mottled patterns, caused by scattering of the 'surface, 

The mirrors can be mounted oh PVC pipes or glued to a metal plate on 
which threaded rods can be attached. 

Beam Splitter / • 

A surprisingly versatile beam splitter is a piece of double weight 
windowpane glass.' It reflects approximately ten percent of light incident 
at 45° and transmits most of the rest^. By using a sufficient thickness, 
the two reflections from the two surfaces will give" well separatecj 
laser beams. The weaker one can be sacrificed by blocking It off. 
This glass, which need not be much bigger than 2x2 inches, can be again 
mounted either on a PVC .pipe or held in a lens holder. Commercially a 
great variety of beam .splitters are available in the forms of cubes, 

y 

segmented discs, graduated discs, and cemented polarizing crystals. 
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Film Holder ; . * « # 

For film below 4x5 inches, it can be held between glass plates 
equal or larger in size and clamped*at the edge with black steel paper 
clamps obtainable from stationery stores. For a sanabox system,' the 
two glass plates used should be larger than the fiittr so that the extra 
glass can be directly stuck into the sand for positioning. For hard- 
surfaced tables, the clamps, when moved to the bottom of the glass 
can serve as stands to hold the film vertical. To make larger holograms 
on film, vacuum platens are required, \ " * 

y 

Lenses ^ 

To spread out the beam so that it" covers an object to be illuminated 
or a piece of film, positive or negative lenses can be used. Since we 
desire generally to spread the beam' out in a minimal distance, lenses 



wi 



th the shortest foc^V lengtl^s are desired. For low cost systems, double 
iin^Rmal 



concave lenses with iUBPRmal diameter and focal, length can be used. For 
more sophisticated systems, microscope objectives with powers^ of 
i 10 or 20 are suitable. In general, at least two lenses are r\^uired for 
each system, 

\ 

V 

Spatial Filter 

In general, all optical components have dust or scratches on them. 
This causes laser light to diffract, resulting in noticeAble^^^atterns 
in the beam, . Althouth thi^^oes not prevent one from making a hologram, 

m ' 

it does' cause spatial noij^^^To minimize this effect, a positive lens 
is used, mth a suitable pinhole located at the focal point* The latter 
cuts of f ^aXl'^^^ttered light and permits only the direct beam originated 
from the laser to go through. For le'arning^ purposes this device is not 
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accessary initially, but becomes desirable ^when quality in the final 
hologram becomes crucial. 

Most commercially available spatial filters use a combination of a 
10-X or 20-X microscope objectives in combination with a 20 or 10 micron 
pinholes, respectively. In general, the microscope objective is moved 
with a micrometer along the beam direction while the pinhole is 
microscopically positioned in the other two directions, 

Dif fuser 

f 

' For even illumination of large scenes and for the artistic effect 
of soft lighting, a diffuser in the form of a 4 x 5-inch piece of grjound 
or opal glass is used. Once the^eam has been expanded by a lens to a 
diameter exceeding one centimeter, it can then be diffused to illuminate 
a large area. In general, the larger the spot size on the diffuser, the 
smoother the illuminatiorv will be on the object. 

Shutter 

For exposures of ^-second or longer, the most effective shutter 
is a'piece of black cardboard. It can be used by placing it directly 
in front of the laser\while the film is being positioned, and manually 
operated during the exposure,^ For shorter exposures, commercially 
available electronic shutters can be used or, if available,, a focal 
plane sht^t^ter camera body can be used. In the later case, provisions 
should be made "so that the shutter is mounted not on the holographic table, 
hui directly on the ^table that supports the entire system. 



Expendable Mater ial ^ ^ 

Expendable materials used for holography include film and processing 
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chemicals • ,Film is advotated "over plates for educational purposes 
because it can be cut conveniently into small pieces for testing purposes. 
-Although emulsion ooated on glass plates is available, they are in 
general more expensive and cannot be 'cut easily. 

The film used for reflection holograms must be without anti- 

» 

halation backing (8E75NAH) . On the other hand, transmission holograms 
are best made with anti-halation (8E75AH, 10E75AH, 20E75AH) . If onfe is 
confined economically to purchase only one type of film, the non-anti- 
^lplalation one (8E75NAH) is the choice because it can make any ty^Je of 
hologram. 

All processing chemicals are available in photographic supply 
outlets with the exception of mercuric chloride, which caii be purchased 
from chemical supply houses. 

Support Facilities 

Holography should be performed in an interior room whi'ch can be 
darkened and without excessive cross ventilation. If water is not 
available i exposed film can be placed inside an opatque box and carried 
into another room for processing. In th^ event that thete is strong 
cross-current caused by the ventilation system, shrouds should be placed 
aif^ound the hologrlphic table in the form of curtains with cloth or 
plastics. The support for this shroud can be constructed with 2 x 4's 
and should not touch the hologr^hic table. •> - y 

Other Supporting Equipment , _ ' 

The following items are, desirable, but not absolutely necessary; 

(1) Light meter'. Gossen^s *'luna-pro" is most highly ■recommended. 
* * 

It has the greatest range of sensitivities, suitable with'^the smallest 

or the biggies t lasers. Other light meters can 'be used if they^ah 
* ^"^^^ 
Q register light reflected fnom the object to be holographed, 

ERJC * .... , g, 



(2) Green safe light, A green safe light can be fashioned by 
covering a desk lamp with a green gel and operated from an auto- 



rai\s former , 



(3) Piece of polaroid for checking the ^polarization of the' laser 
light, • ' 

(4) Two^letei^^jQf nylon cord or string for measuring beam path 
lengths, I • 

V , (5) Photographic processing trays. If these are. not ^vai|(able, 
glass beakers will suffice for small holograms, 

(6) Photographic prongs and film clips for holding onto Che film 
while processing and hanging them up for drying, 

(7) A photographic squeegee for fast removal .of^ater from the 
processed hologram, 

(8) A hair dryer for quick drying of the. processed hol'ogram, 

, (9) A microscope illuminator or a spot white li'gjit source for 
viewing reflection holograms, 

(10) Rubber gloves ''for handling the filp during processing. 

Sample Shopping List 

For th6' .convenience of [starting a holographic program with a 
' * \ * 

minimum budget the fol lowing ^S^^4)4>4pg list'* is offered. Equivalent 

t» • ^ 

material* can be substituted if it is already available,. It is true 
that specific mention of vendors will not permit bidding. On the 



other hand, those named below, to the knowledge of the author, >are ' ^ 
(>ffering the lowest price. In several cases they ^are the only^ sources^ 



\^ for the items described. 
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r.i::ir-ur.- r:;vrEr;i;j. RE-cUiR3:i-i:T 

'/EIIDOR ADDRZ33 



re:uired 



•"eliu;:. r.'eon laser 1 
(Uniphase output) 

r.irror (front- ' 2 
GurTaced), 25>:r:;r.: 

* r'irrox" (rrc^^t-ni.rrace'/) 1 

Lonr, ,^ ^j?-:. .ciia. , -^i-ir^r. . f . 1 . 2 

1 
5 



T72 ripe, 3>" dia. x 10' 1 

•lolo riinhic "rilr, "E?" A:I 1 
v' X 10"" roll 



Holo.;ra:-hic filr., "L? ; N/iIJ 1 
5' X 10" 



IrocGocin, Jher.ical? 
. (goc ii.pnendix I) 

oilica sand 

WooG^ V thick, sufficiont 
to K.akc 5* X ^1-' box 



1 Kal 
each 



SDectra-Phynics 

1250 ;;est Kiddlerield Rd 

fountain Viev/, OA 940^^0 

Sdr.und Scientific Co. 
450 Sdscorp 3ldg. . 
3arrin:jton, ::t: 08007 
It 



) ^tore 
|uprl: 



Hardware /tore 

Plubinc |uprlier 

Integraf 

r.C. Box 586 

Lake Forest, IL 60045 



Cariera Store 



200 Construction company 



CATALOGUE /i 


FRICBl 


TOTAL 


r.od. 155 


115.00 


115.00 


$0,285 


^.75 






3 .00 


j^.oo 




.80 


1 60- 




' 1 . 50 


1 . 50 


2 1 4S 


1 .75 


1.75 










y.35 


1 .05 




'10.00 


10.00 




50 .00 


30.00 




$0.00 


3C.0O 






20 . 00 




/ 






< 5.00 


•10.00 



JOTAL 



15.00 
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CHAPTER VI 

*J ■ 

PreliminaTy Experiments 



The following prelimin^y^'experiinents accomplish two major purposes, 



IT 



Firstly, they allow the student to famirlarize himself with the system 
he is about to use, its tolerance to vil^ration and other environmental 
^iEactors, the characteristic and limitation of the laser being used, and 
the jmaking of the most elementary but useful type of holograms. Secondly, 

! 
I 

i 

he is induced to perform, a set of experimi^ts that involv§^ basic exercises 
physics students hay^ been traditionally required t;o perform. These in- 
clude the use of the Michelson inter ferometric technique to check the 
dimensional stability of, and the environmental effects on the holographic 
system; the measurement of the so-called coherence length of the laser 
by measuring the frequency difference between two adjacent frequencies 

tted simultaneously by the helium neon laser (this equivalent ex- 
periment was traditionally done using the sodium D lines and a Michelson 



interferometer); and the- making of diffraction grat^ings using holographic 
techniques. The^last item allows the students to make gratings with 
higher resolving powel than immediately obtainable from traditional ruling 
techniques used to produce them^ ' ^ 



Michelson Interferometer 

% 

For c onverfL enc e , 1 e us fv 
for optical components usei^ rn 
holograms. 




jup a standard set of notations 
ling our exp^'iments and for making 
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^ ^ ^ ' ^ i ' ^ ' Front surface mirror 1^:=====^ - Lens 
. Beam-splitter Ground glass 



+ Lens . Pinhole 



* \ 1 Laser i - — > - 'Hologram, or film 

— ft 

In performing experiments in thi^ chapter, the pinhole is op4iQnal and the 
ground gl'ass^ill not be used* ^ 

Figure 1 shows a schematic diagram for checking the dimensional 
stability and the response of your sy^em to the environment. Since the 
laser is the most vulnerable and usually the most expensive piece of 
equipment in the system, it, shou^ld bei^nSled with utmost care. 'It 
should b-e situated first on the system^rr^such a way that it is unlikely 
to be touched in subsequent activities. In case a sandbox system is used, 
the^ aser should be set on top of a board. Never allow the beam to* cross 
over the top. of the laser because the heat waves will move it» For ^^^ts 
that have open vents which leak incoherent light from the laser tube, . 
covers should not be placed directly on top because it would cause oyer- 
heating. But rather, a shroud should be made to direct the heat away^ 
from , the table, yet shielding .the light from t^he rest of the system. In 
order that a great portion of the table is tested, the distances between 
the beam splitter ai^^^|||^o* mirrdrs should cover a greater portion of 
the table and should be equalized within a few millimeters. These 
distances can be measured with a meter stick or a string. The i)asic 
technique itr obtaining an inter.f ereace pattern on a screen or . a piece of 
wh|t-e paper across the room%nvolve^ first placing the beam 'splitter 
(plate glass) at a 45^ angle relative to the incident beam so that there 
will<|kbe reflected' and transmitted beams making approxirhat^y 90° with 



eafch other. Next) place the two mirrors at equal distances fronj^ the beam 
splitter and direct them in such a way that' the light returns from each 
mirror meeting at a common point on the beam splitter. .Parts of these 
two beams then will meet on the screen. It>will be noticed that there- 
are more than two spots because of the two surfaces on the beam splitter. 
Merely ignore" spots other than the brightest one from each of the two 
mirrors. The lens, which can be positive or^ negative, <:an then be placed 
at *the location shown. The^ diffraction pattern consisting of almost 
.straight red ^nd black lines will appear on the screen. 

One precaution that should be taken i-s 'that light from the mirrors 
should not be directed at the beam splitter in such a way that some Vill r 
enter the laser. Ihstability in the amplitude of the laser output will 
result because M this feedback. ' 

r /' . 

For the^ system to be usa6le for making holograms it is absolutely 
nec^sary that this interference fringe pattern observed should b"^ 
statfonary. If, for exampTe, a dark line is obs,erved^o move eitjier^ 
slowly or quickly into> location of a red l^e, it is equivalent to the ' 
complete destructiori^of ' a pattern being recorded on film latet. For a 
system supported by; ii^ner tubes as. suggested^^* a pQ^vious chapter, these 
fringes should be 'stationary . '^f not, look for Inechanical" shoptf circuits 
suchCas having a hard object leaning against th.e table from thfe support.'* 

By touching tiie table one can observe fr^inge movement? and the tli^e. 
it talies for this movenjent to subside. This is the relaxation time of 
your system. Subsequently, each time you .touch the table, you must wait 
*at least through this period of/time before ma\ing holographic exposures. 
Next, walk around the room and. see if your* movement induces vibration 
in the system. In addition, obsery? the effect of the movement of air 



^ 
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you cr^ited either through your motion or the ventifation. Placing a 

4 \ 

hand under one of 4:he beams, you can demonstrate the effect of heat 

waves on the fringe stability. Observe also whether or not, after the 

fringes have been shifted due to induced motion, they return to the 

same location on the 'screen. If they do not or if the fringes are 

slowly moving across the scree'n, never returning to their orf^imal 

position, it means that the system is continuously deforming. Such a 

^ . cO , • 

system will not make holograms, or at its best will make only poor holograms. 

The introduction of an additional number of inner tubes underneath usually 

improves this condition. ^ 

Coherence Length 

With the basic set-up already^ achieved, we now can J^roceed to measure 
the sO-called cohei|:ence length or the temp^al coherence of the laser. 



As i^ the case* with any^ resonant system, such as a vibrating* strir^ or «an 
organ pipe, the laser is naturally capable of emitting more than one 
frequency simultaneously. In fact, this is unavoidable for the smallest 
helium neon laser in the market. The]^ typically emit two to three fre- 
quencies. The frequency difference can be calculated using 'the same 
formula developed io^^fle vibrating string or the orgaq pipes_^ 

: V r Af = / 2L * \ 

Her e „Af is the frequency difference between adjacent m9des; TC, the 
velocity of the wave involved, in our case the velocity of light; anda 
L is the length of the cavity, which in our case is the distance between 
the two mirrors inside the laser. Thus, for a 50 cm laser, the frequency 
difference between adjacent modes ^s approximately 300 MHz. 
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For simplicity let us a^ume that your laser is emitting a beam 
consist^g of two frequencies differing by 300 MHz. Each of these 
frequencies is making an independent interference pattern on the screen. 
In the event that th^ two mirrors are precisely^qual in distance from 
the beam splitter, the fringe patterr\ on th^ ^iscreen will be precisely 
the same regardless of the , frequency . Howev^ if -the Ml^hs were not 
equal, there will be a ca«e of • anti-coincidence where the bright line 
from one set of fringes is located at the dark line of the other, re- 
suiting in the complete disappearance or l,ow contrast In the observed 
pattern. This, in effect, means that you may have a perfectly stable 
system and yet^make no holograms, because, in effect, each frequency in 
your laser is making an independent hologram which excels out the other 
one. ^ . * 

It is useful, then, to know how much tolerance your las^r has, 
which ultimately determines how large an object you c^ use for the 
scene in y6ur hologram. 

, The procedure for measuring this coh^penc^ length is -as follows:^ 

Begin by moving both mirrors very close to the beam splitter but 

* '4 

with anv equal distance .as measured by a meter stick, thus obtaining a 

high contrast set of fringes on the scteen. Now movfe one of the tw>D 

i 

mirrors a centimeter at a tipie and stop to observe the fringecbntrast 
each time. As the difference in the] paths increases, the loss of contrast 

• ■ ' \ ^ 

will become obvious. Continue to move the mirrot until .the contrast is 
maxini^zed^^^ia^again. Operationally, you can define the total path 

, difference as the coherence length of your laser,' Since the beam 

' * ' . . ' 

^passes from the beam splitter to the ihirror and back, the coherence* * 
' ^ ; ' . * 

length is • theij^equal to liwice the ..net differencef' in' mirror distances* 
from the beam splitt^er. ■» ^ * ' 
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If lasers of various lengths are* available, a useful and instructive 
experiment is to measure the relative coherent lengths among them and. 
compare! them to the lengths ^f the laser cavities. It should bear out 
the fac,fc that the longer the las/r, the shorter the coherence length. 

We^ learn from this experience jthat in all our subsequent work in 



which tfwo beams are to interfere, the distance that they travel^ be- 
ginning from the heam splitter, must &e equalized to optimize the fringe 

r - ' ~ 

contrast. 

Making Diffraction Gratings 
1 y- 

we now proceed ^o make the simplest of all holograms - a diffraction 

grating. In doing so, we will be learning about ej^posure and processing 

techniques that are .common to all future experiments. 

< I > 

Figure 6-2 shows a configuration for forming a so-called single side- 

band sine grating, t^^y directing; two beams separated at a 45° angle onto 

^> 

a holographic film, an inter ferejncljfpattem in the form of parallel 



straight lin/ss will be formed^. 
Assuming! that 8E75 anti-ha 



ation film is us^d, we be^io by discussing 



tfhe techtvique of film handling. ^ 

Since this emulsion has a sensitivity of approximately iOO erg/cm , 
which is low compared to photographic film, ^t allows sufficient amount 
of room light present without being fogged. Thus thife film is suitable , 
tor lecture demonstrations where' an instructor can construct holograms 
in full view* of an audietice, if proper safe lighting is/u)Bed. 

Assuming that no sensitive (expensive) light detectors are available, 
/ our entire procedure can be performed in, the following way. Enter a 

completely darkened room and allow five to ten minutes for dark adaptation. 
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% Then slowly tu^n up the voltage on a desk lamp by paving it connected to 
aji autotransformer , and direct "the light on the floor or at 3. distant 
watl. When the light level is reached so that one can barely see all 

that goes on and without stumbling, it ^ safe for handling the 8E75 

/ 

emulsion. If a green gel is available, it can be used to cover the lamp. 
In this case, a^great deal more light can be used. In case of doubt, 
^ place a piece of film on the holographic sys.tem and expose it to the 
ambient light for ten minutes or so and develop it as if it were a 
ti;ansmission hologram (Appenc^x I). If after the fix but before the 
bleach, this ♦fi*lm is visibly darkened when viewed against a bright 
background, the^ the film has been fogged. Otherwise, it should be 
almost perfectly clear. 

Under this condition, film can be cut and sandwiched between glass 
plates held together with paper clamps. Prior to its exposure the laser 
should be warmed up for at least ^-hour and extrafieous beams reflected 
from the second surface of tha beam splitter should be cut off by 
placing opaque cardboards at the desired locations. For optimum results, 
a 50-50 beam splitter is desirable over plate glass, although the latter 
will perform satisfactorily. In these as well as in all future procedures, 
the laser should never be turned off prior to exposure. Instead, a black " 
cardboard should be used *to cover 'the beam at the exit of the laser when 
the film is put into position. 1 

\ In making the exposure, the card is lifted off, the table but remains 
blocking the beam through a relaxation time, and then the exposure is made. 
This method is satisfactory for exposures ^-second and above^ To determine 
the correct exposure, the well-known '*setp-wedge" technique can be used. 
It can be done, for example^ by making different exposures to several ' 
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After pi^ocessing, the correct density and, therefore, exposure can bfe 
chosen. If )l Gossen Luna-Pro meter is available, a reading pf 14, when 
aimed at the strongest direct beam from the location of the hologram 
without the diffuser, indicates an exposure of one second. With this, 
onfe can extrapolate all other exposures. A -reading of 13 means 2 seconds, 
15 means %-second, etc. Without the Luna-Pro but with 9ther meters, the 
step-wedge"^ test can be performed for calibration. If a neutral density ^ 
scale is available, it can be used to compare with your exposure to 
determine what the density value of 1 appears to he. Without this scale 
th^ optimized grating can be obtained experimentally by making different 
exposures and observing the quality of the result by measuring the 
diffraction efficiency of the subsequent grating. 

After the final processing and drying, a direct laser beam can be 
incident on the grating and ^ diffraction pattern would b'e observed on 
a screen. It should consist of a bright spot on one side and a dim one 
on the other of the directly transmitted beam. An optimized grating 
can result in thV first order diffraction of at least one-half of the 
light energy. ^ , 

Further experiments can be performed^y const rue ting^^Gabor gratings 
as described in Chapter IV, This. will effectively form a focusing dif- 
fraction grating, and can be used to demonstrate the real and virtual 
image of a bright object illuminated by laser light-. 
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. * * CHAPTER VII 

* . ' \ 

-•^ One "Beam Holograms' s 

. Once )we. have a systrem'Satisfyltigrall the requirements of 
dimensional stability, vibration isolation, and the necessary envirorl- 



mental 'condiHiions, we-are ready to construct; various types of holograms. 

We begin' with the formation of a series of "one-beam" holograms - 
reflection, transmission, and cylindrical types - because of several 
reasons: (I)- simplicity; (2) efficient use of light; and (3) general 
usefulness • ^ . * - 

Pedagpgicjally, it is a good philosophy to have students perform, at 
the very^b^feinntng, je^iperiments that can' be successfully completed in 
one afternoon '^:iabo2:ator^ period /"^^ Whether or ^aot they understand fully 
the theory behind what they have'' done, they have in tKfeir possession a 
hologram with, vhit;^ they Mn demonstrate to their peers, giving them a 
psychoTogCcial ^bpoat toward learning the basic theories behind, and to 
continue to do more advanced experimentations. 

White Light Reflection Hologram . . ^ ' 

We begin ^*dth a hologram which theoretically is among the most 
involved, but. experimentally exceedingly ^'imple. E^entially we shall 
cover an object to be^holographed with a piece of film, illuminate the^ ^ 
ftlm with a single expanded -beam o^ laser light, and result in a holo- 
gram which can^ be viewed with white light, showing a three-dimensional 
color image. ^ . 

Figures 7-la and b show two possible configurations. Xi^.both cdses ' " 
the laser beam is spread out by either a positive or a. neg^^ve. lens or^i\ - 

^'^ ' 

if available, a spatial filter. This expdndiS^vb'e^itt, is ''ftireceea ' / >, 
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perpendicularly onto the non-anti-halation backed (NAH) type.8E75 plate 
or film, which is virtually in contact with. the object to be holographed, 
rf filiQ is used, it must be pressed between two plate glasses arfd held 
with clamps. The scenes used should be either white in color or highly 
reflective, shiny objects placed in virtual contact with the emulsion. 

The exposure and prpcessing can now be performed in a way similar to 
that "dis cussed in a previous chapter in the construction of- gratings- The* 
'length of exposure can be approximated by knowing the'o^.tput of the laser, 
the spot size of the beam on the ^film, and the sensitivity of the film. 
For exampl-e, for a one milliwatt laser with a 5 cm diameter spot on the 

7 

film which has a 200 erg/cm" sensitivity, the approximate exposure time is 
in* the order of one second. 

The imaga of this hologram cannot be seen until it is thoroughly 
dried and then viewed u^der a po^-nt source of white light, such as sun- 
light. Because of the' emulsion shrinkage the color of the object 
generally will appear to be yellowish green. If one moi.stens thfe * - 
emulsion side by steaming the hologram, which can" be accomplished by. 
placing it above a cup of coffee, the image will turn red because of the 
swelling of the emulsion. This is a vivid demons tratzion of the Bragg 
diffraction phenomenon normally performed with X-ray. The physics 
involved in the formation of this hologram can be understood from the 
'discussion in Chapter III. Here interference is caused b-etween the « . 
direct beam incident on the emulsion and the light that has be'en 
transmitted through it and reflected 'b^ck by the object. Because the 
film is located, between the reference beam and the object 'beam where the 

4 

concentration of the "mirrors" is the greatest, the 6 micron emulsion has 
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approximately 20 mirror surfaces formed inside of it. This allows 
efficient Bragg diffraction to tak§ place when illuminated by white 
light. • The most desirable beam ratio for forming this hologram is 1, 
i.e., the beam intensity dncident on the film from both side% should, 
be equal." In the present case we have no control over how much object 
light^ is obtainable except by the choice of color, reflectivity, and . 
proximity of the object to the film. Thus, the brighter the object 
and the closer it i«s to the film, "the better the hologram. We can 
conclude that so' long as we are making this type of hologram'-with a 
single beam, the depth of the scene is 'limited to a few centimeters. 

Transmi'ssion Hologram . * * . 

Figure 7-2 a and b show possib le- configurations for forming a 
one-beam transmission hologram. Here it is desirable to use anti- 
helation-backed (AH) holographic film with the emulsion side "facing 
the light. In general, if film is cut from a roll, the concave side 
of the film is the emulsion. Ho<;7ever, on a humid day, the emulsion 
may swell and curve the wrong way* The best technique to determine the 
correct side is to moisten one's finger and touch a corner of the film. 
The sticky side is the emulsion. ' • . 

Here it. is desirable to have the beam spread out to cover a 

imd^k^larger area tlian was the case with the reflection hologram. A 

negative lens located downstream from the spatial filter or a series 
» 

of two negative lenses will achieve this effect;* 

In order to 'minimize the effect of intermodulation noise \ 
(Chapter III), a desirable ratio between the intensity of t^e direct 
light received by the film versus the reflected light onto tlie film 
by the scene is a'pproximately 4 or greater. With a light meter which 



VII - 6 



has a logarithmic scale, the light as detected when aimed from the^ 
location of the hologram toward the lenses shou.ld read at least two stops 
higher thaxi.^ light arriving at the meter from* the scene. In detecting the 
intensity (?f the object beam care should be taken in blocking the direct 
reference, light from entering the meter, the exposure time is chiefly 
determined by the intensity of the reference beam/ Exposures "now can 
be made £(nd the hologram processed. The resultant hologram must be 
viewed with a monochromatic light source, such as the laser. The real 
image of this hologram can be projected on a screen by shining an* un- 
diverted laser beam precisely backwards through the hologram from the 
original reference beam direction. A major advantage of this -hologram ♦ 
over the reflection type is that the deptH ih ^the scene i4 virtually 
unlimited. In a sandbox, for example, one could have a broad desert 
scene in tr^nt of the film if the laser light is spread out sufficiently. 

One limitation of this hologram is that most of the scene is back- f 
lit. A primary caution is not to have objects so tall as to block ti^e 

reference beam. " . ^ 

♦ 

X An easy variation in this hologram is to record more than one ^eene 
on the same hologram. This can be done by making two separate exposgres 
on two scenes. For example, after making one exposure the feilm can be 
turned 90° along the axis perpendicular to the film plane. A. diffeJ^^nt 
^cene is substituted and a second exposure made. In this 'fase tTi'e' ^ 
exposure of each scene should be one-h^f of the original exposur*e 
for a one-scene hologram. After processing, the l>ologram can be ' 

^ * • . 

rotated, and two different scenes will be viewed depending on the^ 
orientation. . - 

10; • . 
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Cylindrical Holoj^ram 

Figure 7-3 shows^ a configuration for making a cylindrical hologram, 
in which objects recorded can be viewed all around. The cylind^er used 
for supporting the film .can be anything from an' olive jar to a section 

T 

of pipe. As a start, use a cylinder approximately 5 cm' in height and - 
8 to 10 cm in diameter. 

The mounting of the film onto the inside of the cylinder is crucial. . 
Having cut it to the precise dimensions that can fit inside the jar, 
the film should be held inside with the emulsion side inward, and taped 
onto the cylinder with all portions of the film in physical contact 
with the ^cylinder wall. The cylinder^hen should be left on top of the 
holographic system for several minutes to allow it to reach thermal 
equilibrium. , ^ ^ ' 

As shown in Figure 7-3, two laboratory stands are used on top 
of the vibration isolated system. With larger lasers a mirror should 
be used on top of the stahd^td reflect light. downwards from the laser 
positioned on the table. This is followed by one or two beam-expanding 
lenses so that the light is diverged in the most extreme fasbion feasible* 
In this as well as in all other cases > care should be taken so that the 
edges of the lenses must not be illuminated . 

To assure 'that the illumination of the cylinder is evenly ' . 

distributed, a white piece of paper cut to the size of the, film and 
mounted inside the cylinder can be used for visual" observation. A light 
meter can be used to check the scattered light from the paper all around 
the cylinder, and the beam moved by the lenses to achieve' the most uniform 
possible illumination. The object to be holographed can now be placed 
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at the bottom of the cylinder. Again, highly ^refl'ec^tive objects are pre- 
ferred over dark onesl The beam ratio can be\xrhecked as before. Since 
this is a transmission )iologram, the intensity ratio of four to^one;is ' 
desirable.' In the event that this is far off, qorrections^ can be made ^ 
b^moving the expanding lenses farther up or down to change the divergence ^ 
of the flight. . * " • . ^ " ' . 

For a simple ^stem using 'a single laboratory stand, wobbling will 
cause 'sufficient motion to destroy tlie hologram, A second^«boi;atory 
stand is necessary to dampen this, vibration by -tying ife wit^l right-angle * 



clamps and rdds to our sys tem^.^^x. 

The exposure' and processing procedures Sor this .hologram are : 
precisely similar to those for Che transmission hologram. Again, a ^ » 
'Second scene can be recorded on the same film if the cylinder is.. 



inverted, and ^ second scene exposed. 



\ 
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CHAPTER VIII ' 

General Multiple Beam Hologram Fdrmation 
, **> 

^ ^ . . 1^ - 

Having familiarized ourselves *with the basic laboratory procedures 

■ • ' ' ' ' i ^ . 

stated in the previous chapter, we now outline' some general techniques 

for hologram formation involving the use of multiple beams- The 

^^^^aterial requirement is necessarily increased, particularly Mth 

' regard to the number of mirror, I^ses, spatial filters, and b,eam splitters. 

In Chapter VII, holograms are formed between the direct light arriving 

at the film with tKe light scattered from the object. In these cases no 

beam splitters were used. Because of the simplicity involved it was, / 

^comparatively speaking, difficult to arrange the desirable beam ratiiD - 

andj in general, impossible to equalize the, paths of the two beams. 

Moreover, we also had to accept whatever state of polarization existed, 

and were unable to control this factor. On the other hand, because of 

I 

the minimum number of components used, lasers with minimal output were 
'usable. * . ** 

In general, ds we introduce more and more control to dur system, 

r 

there will be greater waste of laser output* For practical purposes, ♦ 
^.-if multiple be^ms ure to be used' in hologram formations,' it is highly 
desirable that lasers with outputs greater than''2 mW be available. 

Figur^e 8-l^shows one of many possible configurations for forming ''^ 
two-beam* holograms . ^ Beginning with the laser, the beam is directed 
to the. right by mirror M^^ and is then split into two by the beam splitter* 
With a white cardboard acting as a screen At the location of the future 
hologram, the reference beam can now be aligned by M2. The object to 
, be used can be now located in front of the screen, and is illuminated 
with the object beam directed on it by M^. ' • - " 
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Before spreading out "either beam, the optical paths can ilow 
be approximately equalised b^ the adjustment of M2 and M^, so that 



B.S.M^H = ,B.S.M^OH . . ^ , ' ' 

A lens'L^ can now be introduced to expand the reference beam. 
Similarly expands the object bea^^^^to^ illuminate the object uniformly. 
It is important to note here that whereas tl;ie reference beam must always 
be 'a point source, the object, on the other hand, can be diffusely 
illuminated. Pigure 8-2 illustrates this alternative. In this case 
the object bead^^* first expanded, then a ground glass is used to 
diffuse the light that illuminates the obje<:t. ' Care should be taken that 
none of the light scattered from Xhe ground, glass arrives at the holdgram 
directly. ^ 

The beam ratio can be .measured by blocking one beam at a time. , 
The intensity of each can b^ checked with a light meter. As stated 
before', the intensity .ratio -between ithe reference and thie object beam^ . 
should be approximately four to one., ThisdTs'not, however, a hard and 
"^fast rule because many factors are invo/ved, ttie most important (A which 
is the bandw^idth. . • 

Figure 8-3 illustrates our concept of bandwidth. Here the minim&tn 
.an^e .between the Object and the reference beam approaches zero whereas 
the maximum angle is approximately 90°. Thus the spatial frequency 

^q Jei 

an example of a wideband hologram. ^Figure 8-4, oi\ the ather hand, 
illustrates- the narrow bandlidtli configuration. Here the spatia^ 
'frequency range is obviously very small. Since tl^e intermodulation 
noise is directly related to the bandwidth, and the function' o'f the 
beam ratio is to minimize this noise, the beam r^tio then is proportional 



ramge'lies between 0 < spatial freqJency range < ^^^^ . This is 

A. » 



♦ 
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1p the 'bandwidth. . Thus in the formation of a sine grating where the 
bandwidth is zert), the preferred beam xatio is one. On the other hand, 
if an%xtremely wide scene is used, the beam ratio as high as ten to 
one is desirable, * ^ . 

Assuming a low%ost beam splitter is used , 'which results j.n fixed 
beam ratio, this xatio can be altered by several techniques. The 
simplest one is to move to various' locations. The further it is 
bpstream the more light will. spread out before Its arrival at the 

hologram, thus decreasing the reference beam density. Similarly the 

«> 

object beam can be changed by varying the location of L^^ Another 
» 

technique is to use neutral density filters. However, this wastes 
otherwise useful light. 

In general, should be sufficiently far from the hologram so that 
the light covers an area greater' than the size of the hologram.' Because 
the output from a laser has a Gaussian distribution, the center of the - 
spot has higher intensity than the edge. If the spot is smaller than 
^the film, the center will be ovetc|xp^sed and the edge will beunder- 
exposed. 

The next step is to determine the exposure time. Since the 
reference 'beam usually dominates, it alone determines the exposure, 
If ^ calibrated meter is not available, the step wedge method mentioned 
before can be use<J. 

Following are summarizing steps for making a two-beam hologram, 
^'7assumii|g that we have various* components arranged approximately as in 
Figiire 8-1 on top of a vibration-isolated table: 

(1) Equalize the beam paths. 

(2) Spread beams with Lj^ and 

• 0 
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. (3) ' Adjust beam ratio. 
(4) Determine exposure. ^ ' 
• The holograD;^ now can* be exposed and processed. 
In the* event that it is desirable to illuminate the object .from 
more than one direction, Figure 8-5 shows how the* configuration in 
Figure 8-1 can be modified to accofnplish it. 

For two-beam wh^te light reflection holograms, FJ.gure 8-6 shows a 
possible arrangement. Note that the beam ratio for white light holograms 
should be 1, regardless of objects used and bandwidth. In this case, 
the intermpdulation noise will appear in the t;r,ansmitted beam only, 
leaving the reflected beam unaffected! For optimum resolution on the 
reconstructed .image, the object should be as close to the *f ilm plane 
as possible. 



/ 
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CHAPTER IX ^ 

Basic Proiects 
% • ■ 

Like photography, holography has both scientific as well as 
artistic applications. Only the ability and the imagination of the^ 
practician can^limit the possibilities in both domains. , ^ 

Instead of cataloging all possibilities, the format of this 

writing requires that we point out only the highlights and the basic 

techniques in holographic interf erometry, which allows the students 

to make microscopic measurements on displacements, and some methods 

m image manipulation which widens the range in artistic applications. 

t 

Holometry 

. Holometry ^Xil^^g^^P^ic interf erometry) , as discussed in Chapter III, 

can' be divided into three classes; double exposure, time 'average , and 

real time. We shall discuss only the first case which involves exposing 

a hologram to an object once, allow the object to change microscopically, 

and ' then make a second exposure. In the secotid case, only one exposure 

* is made while the object is under steady-state vibration. The , nodal 

areas that did not vibrate will be se^n as bright, whereas the antir 

nodal areas, where the object shifted, will appear dark. Finally, 

reab^feime inter f erometry involves exposing a hologram ada viewing it 

i 

in its original location, so that both the image and the real object 
flre superposed in space. If the objects now shifts, dark fringes will bfe ^ ' 
seen through the hologram. They are caused by the differences between 
the location oL every point on the object during exposure and its 
present locations; 
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We, shall nt\{ discuss the simplest * case of the three, namely, ^ 

double exposiAre, ..For objects smaller than the pKotoplate or film and 

with death limitfed^to a few centimeters, an exceedingly simple method 

. ' ^' 

can be used ^ith self ^calibrating interference' fringes. Figure 9-1 

shows a configuration for, a, stude/it experiment involving the bending 

4 

beam or the deformation of a membrane. Locate the photoplate' directly 
above but not touching the "bending beam. Let this beam be supported 
as shown, and a weight placed in its^ middle. A single beam white light 
hologram is expos§d. Without moving anything else, the weight is 
removed with a tweezer very carefully and a second exposure is made. 
Upon processing this single-be^am* white light hologram, interference „ 
fringes will be seen on top of the beam, l^y having the laser light 
impinge on t^e photoplate perpendicularly, we can interpret that the 
first dark fringe adjacent to the point of support , represents a net 
optical path shift of one-half wavelength or,' therefore, a net dis- 
placetment of one-quarto: wvelength. The next dark fringe, then, re- 
presents a net displacement of three-quarter wavelength, and so ^ 
forth. Thus, the fringes are directly calibrated to the wavelength 
of the laser" used. This experimental data can then be compared with 
theoretical predications, making this an interestin^^atK^, instructive 



exencise. The student is encouraged to discover other projects that 
can benefit from this technique. The basic precaution here is that 
stability for the film plate r»elative to the table must be insured, 
' and'^at no other displacements than the one under study should be 
.induced. In the event that dark fringes are noticeable in the vicinity 
of the ^hologram itself, this means that the hologram has moved during 

"a 

exposure. 1 1 

J- Jt ' 



In general, when objects are larger than the plate and with 
dimensions greater. than suitable for the above simple technique, a^ 
general two-beam technique transmission hologram should be used. Under 
this circumstance beam paths are extremely complicated, particularly 
when a ground glass is used to provide diffused illumination for the 
object. Although the fringe structure provides much qualitative 
information concerning the state of deformation or shift in the object, 
numerical interpretation becomes exceedingly difficult. However, ther^ 
is still a simple technique to self-calibrate the interference pattern. 
We shall call -this the self-referenced fringe technique (SRF) . 

Tfie SRF technique requires that the maximum^ displacement be known 
-and a well-defined. zero displacement point be located. For example, 
in the case of the bending beam the point of support provides well- 
known positions for zero displacement. 'At the location of the weight 
a. micrometer can be provided so that the maximum displacement is known. 
Regardless of beam directions and configurations for forming this 
hologram, the interference f ringes • formed ort the object are self- 
calibrated. We can divide the total displacement S indicated on 
the micrometer by the totaj number of dark fringes N between the 
point of support to the point of contact of the micrometer. Each 
suctessive fringe from the pc^int of support thus represents a dis- 
placement ^of S/N. After the calibration an arbitrary mass can be 
used to displace the beam, assuming no change in the configuration 
for forming the hologram is made. In general it is interesting and 
instructive to make>iolograms with various displacements in various 
directions induced by a micrometer. This helps the experimenter to 
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learn to interpret ftinge structures by their orientations , shapes 
and Ideations qualitatively so" that when Jie views a particular inter- 
ference pattern, l^e immec^iately gets a general idea concerning the 

f * 

i 

nature of the displacemerft. , * * . 

HybriJ ,Holograms ^ 

In order to increase the vet'^atility of the hologram for both 
scienti'^fic and ^artistic purpQse^ we shall discuss some variations 
from the bas'ic techniques which will allow us (1) to view the virtual 
image at any arbitrar^r ],ocation relative\p the hologram and (2) allow 
jjs^^to illuminate transmission holograms with tungsten filament light 
sources . 

All hplograms discussed so far have virtual images seen behirid^t'he 
hologram platfe. 'However, it is possible to locate this image on the 
plane or even in front by a relatively simple variation of the techniques 
already discussed. 

to make a "f Qcused-image" hologram, a convenient method is to use 
a photographic lens and focus the object on the^ film so tha^t, alone, 
a photograph would be exposed. With the addition of a reference beam 
either\from the same side or t^e opposite side o^ the film, a trans- 
mission or reflection hologram can be exposed^ respectively* When 
viewing this hologram, the image will appear to be straddling the plane 
of the film, with part of it protruding into the front and the remainde.r 
behind. 

Another variation of the focused image hologram is to obtain the 
real image from an existing hologram and make a hologram of it. \ 
Figure 9-2a shows the usual configuration for forming hologram Hj^.; 
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-I'f we use this "finished' hologram as a master ajid project its real image 
back to the location of the original object by converging a beam and ; 
focusing it' through the hologram ^t the location of the original . - ■ 
reference beam.as shown in Figure 9-2b,a fresh holographic plate can • 
now be located a^ the location of the image. Using a converging, 
reference beajit' for hologtam H2 , a secondary hologram is thus formed.., 
When it, is illuminated by a point source as shown in Figure an 
image vi>ll be _seen straddling the plane .of the hologram. If tfte - . 
scene is shallow, not exceeding a centimeter or so on either side of 
the film, its image can be seeV with white light. However, the image 
further away from the film wiU have color dispersion. . , 

To make it feasible for Illumination of "thj.s focuaed image '.^ 
hologram with deep'' S.cenes using a point source of wh,ite light ^ i- ^ 
Figure 9-3 fhows a variation on the previous configuration. rHere w^ , 
also 'use a master hologram, H^^, and make a secondary hologram jprecisely 
as in Figure 9-2b. However, a mask with -a slit opening is plajced on 
H^ so that only the slice of hologram underneath the 'Slit is used. 
This is equivalent to sacrificing the vertical parallax or^'Hi^feut 
tetaining the horizontal paxallax. Illuminating the H^with a^S-iser 
source as Shown in Figure 9-4 will, allow an image to be seenCnily if the 
viewer's eyes were at the location of the original 'slit^. Moving his 
head. up or down will cause the disappearanc.e of the image: Or- tihe other 
hand, if the hologram is viewed with a white light source as shown in 
('Figure 9-5,- an entire image is seen over large range of space due tx/ ^ 

the fact that different color from the white light will caus.ewthe 
■ virtual slot to be located at a different position; so that " depending . 
on the altitude of the eyes, there, will be a color changing f<om red 

■Lji. . 
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to blue as one moves th^m up- and down. But in all positions the image 
will be seen with perfect horizontal parallax. • H2 is now known as a 
*^rainbow hologram". Its chief advantage is that holograms no longer 
require monochromatic illumination, making this much more economical 
to display. , • 

There are maUy^^ther types of hybrid holograms which space here 
will not allow us to delve in detail. Appendix III shows one technique 
used to inte^ate motion pictures into hologramis so that objects 
originally illuminated by" incoherent light are converted into Ifblograms 
with moti<in. Further developments involve the combination of the 
rainbow effect with the integraphic technique, resulting in cylindrical 
holograms that contain objects in motion and are illuminated by 
coimnonly available tungsten filament light bulbs. 
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CHAPTER, X 
Bibliography 



The, peculiar nature of our subject matter demands a unique form 
of bibliography. Unlike a- topic in sociology, where references must 
be carefully chosen among myriad sources, holography is a coil^aratively 
narrow subject njatter which is described in a well deline^ated set bf 
publications. 

The background information needed for a beginning student can be 
found in the optics section of any introductory physics .text . When- 
ever a technical term i^ encountered , Such as "interference",* 
"polarization", "focal length", etc., the student is urged.to consult 
the index of these teScts, and then learn what i|p nede&sary from them. 
Texts that we specifically recommend are: 

PHYSICS, Robert Resnick'and David Hallijday, John Wiley & Sons, Inc» 

ELEMENTARY GENERAL PHYSICS, Richard T. Weidner and Robert L. Sells, 
Allyn and Bacon, Inc. 

UNIVERSITY PHYSICS, F. W. Sears and M. W. Zemansky, Addison-^esley . 

In general, any text with ^ good optics section will be helpful. 

At a more advanced level, we recommend: ^ 

•- * 

c FUNDAMENTALS OF OPTICS, Francis A. Jenkins and Harvey Ev White, 
McGraw-Hill Book Company, Inc. 

OPTICS, Eugene Hecht and Alfred Zajac, Addison-Wesley (1974) 

Following is a list of books wr.itten specifically on the subject 

of holography, listed in the chronological order 'of their pub lica'tion : . 

INTRODUCTION TO~"COffiRENT OPTICS AND HOLOGRAPHY, G. W. Stroke, 
• ^ A'cademic Press', 1st Edition, 1965; 2nd Edition^ 1969. 

THEORY^AND APPLfcATIONS OF HOLOGRAPHY, J. B. DeVelis and 
G. 0. Reynolds, Addison-Wesley , 1967- 
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INTRODUCTION TO FOURIER OPTICS, J. W. Ck)odman, McGraw-Hill, 1968. 

PRINCIPLES OF HOLOGRA'PHY, H. M. Smith, Wiley Inter-Science, 1969. 

THE APPLICATIONS OF H0L0C31APHY, H. J. Caulfield and S. Lu, ^ 
Wiley Inter-Science, 1970. 

OPTICAL HOLOGRAPHY, R. J. Collier, C. B. Burckhardt, and L. H, Lin, 
Academic Press, 1971. 

' HOLOGRAPHIE, M. |Vancon, Springer Verlag, 1972. 

-^TICAL AND AC0USTICAL|H0L0C31APHY, E. Carmatini, Plenum Press, 1972, 

OPTICAL INFORMATION PROCESSING AND HOLOGRAPHY, W. T. Cathey, ^ 
Wiley-Intetscience, 1974. 



The most up-to-date one is by Cathey^ This book can very well 
serve aa* our text. Most of the theory needed to increase the depth of 
our understanding ia found here. OPTICAL HOLOGRAPHY by Collier et al, 
, is more substantial ^nd contains more detail on holographic materials 

c 

Other th^n silver halide emulsion. Goodman's INTRODUCTI01| TO FOURIER 
OPTICS *is best on a graduate level. It offers th^^^t general dis- 
cusslon on the* Fourier de/criptiort of optical Systems, including 
holography. ^ 

Any of the abov^^ention^ texts has extensive lists of r.eferences 
to original j^THri-ircat ions in journals. The student should be encouraged 
to use th^ library resobrces and consult" the articles of his or her 
interest. 
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■ . APPENDIX I 

ci:ni:ral hologram processing prociiIdurI'* 
' for^tftaijsmisslon holograms and white light reflection hologra ms 

; < I. l)eveIop in D-19 (Kodak) 5 minutes 

3top bath (any brand) 30 seconds 

' .3.^ Kbdak rapid fix with hardener 3 minutes 

^ 4. Wash in running water * 10 minutes 

\ * ^ ' ^ , ' A. 

All above. steps should be performed at room temperature (approximately 23^C) 
with indirett and dim green safe light. The hologram can now be +iandled in 
, full -room light. If extjpsed correctly, it should appear dark gray, \ ut rot 
opaqui?. (Approximately 107o transmission of white light is best.) Tl can ;^lso 
be viewed with the reference beam alone. Avoid 'allowing it to dry at thi< poin' 

Bleach'^ing Techniques to Achieve Maximum Efficiency 

I. Transmission Holograms: * (8E75 AH, lt)E75 AH, or 20E75 AH film or plate) 
For best holografrts; film^,with anti-halo "backing should be used. Film 
without AH will do , ^btit- wi 1 1 have some unwanted patterns. 

^ 5* After sf ep* (4) above, submerge in following bleach until 
•the entire l^ologram appears transparent. 

- ' ^ s ^ ' 

'Th& bleach consists of 1 liter of de-ionized water with 
30 grams of potassium fetricyanide and 30 grams of potassium 
bromide 'completely^ -dissolved in it. It is toxic, extremely 
c^ustife, but'not volatile. .Should be kept in ^plastic or 
glass container and .handled with rubber gloves ^ 

6- Wash^n running water* ^ Is* ^ ^ 5 minutes 

/ . ' . ^ » ♦ \tM^ f ' * 

7, Squefegee thfe emOlsion ^sid^ wltli a good photographic 

grade^ s-quee^ee and then dry with wa^rm^air (hair dryer)- 

II. White Light Reflection Hoiogp^ms : ; ^ . ' 

Mujst be made with SEWfNAH holographic film. ' \ / ^ ' 

* 5- After, step (4?5^above, submerge in followihg blleach until 

all the .gi^y_^qolor disappears . * ' 

The bleach is EXTRE^ELY TOXIC AND CAUSTIC ^ but, not volatile. ^ ^ 
Handle -with extreme care, using rubber gloves arid glass or 
'Aplastic aonh^iners.- ft consists of 20^g:rams'of mercuric 
^ jjchloride arid 20 gram'^ of potassium bromide dissolved in 

* 1 liter of ^e-ionized Water. * 

6. ^Waslh in running water . * 5 minutes 

'7.'* Kodak rapid-^Jx with hardener until all the 

pinkish vliite color turns brown. 
6. Wasb in -running watery • ' 5 minutes 

'9^t|E»Squeegee and dry. . • * • - , 

/ \ • . ' 

• ^ * ' ' - 
* The develpper,! stop bath and the fix xan be purchased from any camera store- 
^ The h^eacfiing chemicals can be ^'borrowed" from your Chemistry Department or 

purchased from Sargent-Welch Science Company, 7300 N. Linder Avenue^ 
ErJc S'^o'^?^ Illinois 60076. 
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APPENDIX II 



PHOTOGRAPHIC MATERIALS FOR HOLOGRAPHY 



1. Introduction 



Photographic materials for holography must meet specific requirements. Since the 
dimensions of the structure of the interference pattern to be recorded are usually of 
the order of magnitude of the wavelength of the light used for exposure, a very high 
resolving power is essential, A high speed is also desirable to allow short expo- 
sures. 

However, high resolving power and high speed are somewhat incompatible proper- 
ties, -which makes it necessary to arrive at a compromise of the highest possible 
efficiency. The nature of the subject will determine whether the ideal Solution of 
this problem will be slanted towards high sp£ed or high r'lfesolving power. 
Agfa-Gevaert has therefore introduced a number *of Scientia emulsions to me^t 
various practical demands, namely 8 E 75 and 10 E 75 for red laser light, and 
8 E 56 and 1 0 E 56 for blue and gre^n laser light. We shall now discuss the specific 
properties of these materials. ^ • 

2. Density a n,d a m p 1 i t u d e, t r a n s m is s i o hv*c u r v e s' 

The relation between density p and exposure E is usually represented by the charac- 
teristic curve. Figs 1 and 2 show these curves for Scientia emulsions 8 E 75 and 
10 75 for red laser light, and 8 E 56 and 10 E 56 for blue and green laser light 
respectively. 
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The exposures of Scientia 8 E 75^-nd 10 E 75 were effected at the principal wave- 
length of th^ he-Ne- laser (633 nm) and those of Scientia 8. E 56 and 1 0 E 56 with a ^ 
krvtpjon laser (ff6 and 521 nm). sec Figs 1 and 2 respectively. Thfe material was 
drocea3cd for ^minutes in Agf.i -Gcvaort developer G 3 p at 20°C and for 4 minuteff 
in A^SVcevacrt fixer G 3M, followed by washing for 15 minutes. The density of 
Vthe developed emulsion layers was measured by parallel light, Characteristic 
Gur'ves contain useful information in the case of certain holographic exposures, but 
in general amplitude transmission curves are preferred, because a hologram acts 
as a diffraction screen to the "inxidcnt wave front,, .wjj.ere .not the local density but the 
local amplitude transmission is the more important consideration-. Amplitude trans- 
mission is defined as the ratio between the amplitudes of a monochromatic plane 
wave after and before passing through the photographic emulsion. This is usually a 
complex quantity, in other words, not only the amplitude but also the phase of the 
•incidefit radiation is affected, However, in the case of processed emulsions, for - 
measuring amplitude transmission |TJ the only easily measured .quantity is intensity 
transmission Ti = T^T^'' . where T^ • represents the complex conjugate of T-. 
This quantity is expressed as a function of the exposure of Scientia 8 E 75 and 10 / 
at a wavelength of 63 3 nm, and of Scientia 8 E 56 and 10 E 56 at wavelengths of ^ 
476 and 521 nm. respectively, in Figs 3 and 4. • . 




10' ' - • 10' 

Expoiurc icru/ cm^) 




,o' ' * '0' 



AfnplHud. tr^ntmiittor. curvpi \t feM 



Fi| 4 Amplitude irAnimiiiion curv«i Al 476 nm- 

and 521 



The energy per unit surface that corresponds to ' fTaj = 0. 5 can be regarded as an 
-indication ofl the sensitivity. - • - ' ^ 

Approximate values of light intensities for |tJ = 0.5 (corresponding to D = 0. 6) are 

20 erg/cm2'for Scientia ^ ^ ' iO-20 erg/cm^ for Scienti,a_ 

emulsion 10 E 75- 
75 erg/cm^ for Scientia 

emulsion 8 E 75. 



emulsion 10 E 56 
150-300 erg/cm^for Scientia 

emulsion 8 E 56 



at ,633 nm ' - , ^^ > at 476 and 521 nm 

The abQve values are slightly affected by development conditions. 
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3: Colour sensitivity , ' ^ 

Scientia holographic emulsions 8 E 75 and 10 E 75 are specially sensitized for 
wavelengths between 600 and 750 nm, and are intended for use with the He-Ne laser 
(633 nm) and the ruby laser (694 nm). On the qther hand, Scientia holographic emul- 
sions 8 E 56 and 10 E 56 are suitable for exposure to wavelengths up to 560 nm 
(krypton and argon lasers). The den^sity and amplitude transmission curves given in 
Sex:tion 2 apply to the wavelength of the He-Ne laser of 633 nm (see Figs 1 and 3) and 
those of the krypton laser of 476 and 521 nm (see Figs 2 and 4)^^ To enable one to 
convert the exposure ^to other wavelengths, the colour sensitivities are shown in 
Fig. 5. - * ^ - ^ 
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4. Lmage quality . 

An optical diffraction method was used to determine the image quality of the holo- 
graphic emulsion. / double-beam interference exposure enabled us to examine the 
resultant diffraction screen. Fig, 6 shows in schematic form both the exposure and 
the reconstruction. 
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Fig 7 Dependence of diffraction efficiency on exposure 

During exposure, two plane waves having intensities and !£ were incident on the 
photographic plate, each at the same angle to the normal. Representing the angle 
between the two rays by 0, spatial frequency f is given by 

where ^ = wavelength in air (633 nm for the He«-Ne laser). 

With 0 = 90"*, a spatial frequency of 2,235 lines/mm will then result. The separa- 
^ tion between adjacent lines will then be the inverse of the spatial frequency equal to 
'•*approx. 0, 45 micron, • 

Modulation m depends on the polarization of the laser radiation and intensity ratio 
I1/I2. In the case described, lasers with linearly polarized radiation were used, , 
The electric vector, was normal to the plane of incidence. The intensity ratio I1/I2 
amounted to 0, 5, corresponding to a modulation of 0, 94* In general the modulation 
caused by the polarization considered here is 



m = 



2 yiTTz 



Reconstruction took place as shown in Fig. 6. Ray ij was used for reconstructing 
ray l2*. Intensity I2' was a diffraction of^the first order and hence ratio l2*/li is 
dependant on angle 8, modulation m, and the exposure. Fig, 7 shows ratio 
l2*/lj against exposure. 



ERiC 



AP II - 5 



This function has a definite maximum. Ratio l^^/^l considered. as a measure 

of the quality of a screen and is therefore called diffraction efficiency. Figs 8 and 9 
show the optimum diffraction efficiency (Iz'/^OmAX ^ function o'f the spatial fre- 
quency for Scientia emulsions 8 E 7S, 10 E 75 ana 8 E 56, 10 E 56 respectively. 
Intensities I| and I^^ have not bec-n corrected for Fresnel reflection, because the 
latter Corresponds to the practical applications of holography. The actual diffrac- 
tion efficiency of the photographic emulsion for the polarization used is higher still, 
especially at large values of angle 9. We should mention that the material was 
over -modulated by using the large modulation values of 0. 94- or 1. In other words, 
this is not a case of linear transfer; intensities of higher orders of diffraction are 
also obtained. * In order to compare the diffraction intensity to noise Ij^ at various 
spatial frequencies, exposures were carried out with a single laser beam of the 
same overall intensity, and the photographic plates were all processed and 
measured jinder identical conditions. The resultant ratidlj^j/l^ is also shown in ^ 
Figs 8 and 9. 
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5. Reciprocity behaviour - ^ 

Q-8witch lasers with pulsewidths of 1 0 to 50 hs are used for sho^fexposurefl. In 
this case, the reciprocity behaviour of'Scientia emulsions is obviously important. 
To obtain densities D <2, the exposure of Scientia materials must be multipliecl 2 
to 4 times when Q-switch lasers are used, » 
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6. Range 

Emulsion 

"'^10 E 75 ^ 
8^75 / 

8 E.56 . 

10 E 56 



He-Ne and 
ruby lasers 

argon laser 

krypton laser 



Sensitiviry 
(erg/cK^2)*. 




Plates 

with or without 
antihalatiori layer 

antihala\ion layer 
in emulsion 
\yith or without 
antihaiation layer 



Films 
with antihalatioh layer 



without 

antihaiation layer 



♦ at jTg^l = 0. 5 (see Section 2) '> 
Base 

- cellulose triacetate 0. 14 mm with or without antihaiation layer 

- glass plates a) normal photographic glass 

b) provided at least 5 m^ is ordered^ also available on : 
- selected glass' : 'max, plane deviation 25 p/inch 
— ' - plane glass : max, plane deviation 5 y/inch 

Your local -^gfa-Gevaert agency will gladly supply information regarding .sizes and 
prices. \ 



Emulsion thicknes 



- on films 5 p ' 
•» on plates 7 p 

Other thicknesses (e^. g. 15 p^or Bragg {white light) hologra|ihy) are available to 
special order. Conditions on request. 
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APPENDIX III 



The Integration of Motion Pictures irtto Holograms 

Tung H. Jeong and Hal Snyder 
Lake Forest College, Lake Forest, III. 



We descnbe here a technique called mtegraphy which allows 
hologmnt to be made from stajidard"two-dimpnsional motion pictures. 
The three-dimensional image can be seen through without the use of 
special spectacles and can be displayed in circular, continuous, hnear, 
or other formats and the image seen can'have 360* of perspectives. 

/I K^ 

There exist in published literature^ ' various configurations 
for integratmg^sttll pictures into a holographic format. Collectively, 
they suffer from the following limitations: (1) The reference beam 
angle incident onto the hologram varies with the location of the 
hologram. This requires that the viewer must move his head in order 
to achieve a change in perspective (2) If a cylindrical hologram is 
desired, the recording system must also be cylindrical in configiira 
tion« with th&same radius as Ihe final hologram desired (3) In no 
case has it been possible to have a continuous, ;ion repeating play of 
a holographic motion picture. 

We wish to report a development which allows us to 
elimmate aJI of the above limitations. 
* t 

Figure (1) shows the schematic layout of the system. The 
function of the pol«nzation rotators is to orient. the electnc field 
vectors in such a way that they are parallel to one another and 
perpendicular to the plane formed by the two beams when they 
impmge onto the recording photographic emulsion. Figure (2) shows 
the top view of the object beam alone. The function of the cylindrical 
lent is to distort each point on the image plane mto a horizontal line, 
but leaving the vertical component unaffected. The image is exposed, 
one strip at a time, corresponding to a frame of a motion picture. The 
function of the Presnel lens is to collect the light from the screen onto 
the fUm in such a way that, in the event of a wide-angle scene, there 
would not be a fadeH>ut at the edge. Typic^ly, the scene recorded in 
the motion picture may be an event taking place on a rotating stage. 
Because each frame in the film represents a slight change m perspec- 
tive of the scene, the subsequent image seen is thre^-dimensional due 
to the fact that each eye looks through a different ^trip. Smce the ^ 
recording holographic film is in the form ofVconti^uous roll, the 
•cene recorded on the motion picture can be continis^s and the 
actions can be non-repeating. After the exposed film is^c^essed it 
can be viewed by transporting it through a transparentorcm^drum, 
M shown in Figure (3)t and illuminated concentrically^ fromT point 
source below. Thus, the viewing angle is almost d6Cf . The distonio^ . 
cauaed by the cylindrical lens in the recording stage is now 



compensated by the fact that the hologram is viewed in a cylindrical 
configuration The method thus allows the^s^me system to be used 
for practically any cylindrical size, the only element to be changed in 
each case is the cyhndncal lens. 

Vanous cinematio techniques — such as fade-in, fade-out, 
zooming, multiple exposure, animation, computer generation, magni- 
fication, minification — are feasible. t 

Of special interest is a project presently under investigation in 
which the viewer is located inside the cylinder, looking outwards The 
motion picture is produced by panning thi^camera 360* on a stand. 
In this case stereoscopic views are availableVnl^^ the camera is 
mounted eccentrically Through such a configuration, a 360* panora- 
mic view of scenes, such as the Grand Canyon, ra^be recorded and 
displayed. 
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